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CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION 
Mammalian Orthoreovirus (MRV) is a dsRNA virus that infects a range of 
mammalian species. However, unlike several of its family members in Reoviridae, MRV is 
nonpathogenic in most species and generally does not cause disease beyond some mild 
gastrointestinal and respiratory irritation. As it is nonpathogenic, MRV is a safe model to 
determine the inner workings of virus infection with broad applicability within the 
Reoviridae family and perhaps even in viruses outside the family. A segmented dsRNA 
virus, MRV contains 10 gene segments that are enclosed in a double capsid structure. These 
dsRNAs encode 12-13 proteins with three proteins making up the outer capsid and five 
comprising the inner capsid or core (75). Much is known about the entry of MRV into host 
cells as the receptors (JAM-1 and sialic acid) and virus attachment protein (σ1) have been 
well studied (5, 18). The journey of MRV from cell attachment, endocytosis into the cell, 
proteolytic cleavage within the endosome, and ultimate release into the host cell’s cytoplasm 
is likewise relatively well studied (reviewed in (16)). However, once the viral core is released 
into the cytoplasm, the details are not nearly as clear and much remains to be learned about 
the virus’s ability to replicate in what essentially is a hostile environment.  
It has previously been shown that at early times post infection (4-6h), MRV induces 
the formation of stress granules (SGs) in infected cells via the activation of protein kinase R 
(PKR) and phosphorylation of eIF2α (73, 83, 94). SGs are cytoplasmic structures that are 
composed of a number of cellular proteins, translational initiation factors, and ribosomal 
subunits (reviewed in (37)). These cytoplasmic granules are proposed to function in the 
innate immune system as an antiviral response and the induction of SGs results in the 
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inhibition of translation of both cellular and viral proteins (44). Unlike early times post 
infection, at late times post infection SGs are no longer present in the cell despite continued 
phosphorylation of eIF2α and cannot be induced by chemical means. This indicates that 
MRV somehow disrupts already formed SGs and prevents the formation of more SGs, 
potentially by preventing their induction downstream of eIF2α. This disruption of SGs is 
likely a necessary step in viral replication as the virus is dependent on the sequestered 
cellular translation components to produce viral protein. Along with the lack of SGs at late 
times in infection is the release of viral, but not cellular, translation (66). This escape of 
translational shutoff appears to be a strategy of the virus to continue replication without the 
complication of having to compete with cellular processes for the limited translational 
machinery present.  
While it has been shown that MRV is likely disrupting SG formation in infected cells 
and subsequently escaping translational down regulation, it is not known how it is 
accomplishing this (66). We sought, with two different projects, to begin to answer the 
questions of how MRV is able to associate with SGs and how it is able to escape translation 
shutoff. To determine how MRV is able to associate with SGs, we observed the localization 
of MRV proteins with SGs and after selecting the µNS protein due to its critical role in viral 
factory formation, mapped the residues necessary for the colocalization between it and SGs. 
We also determined the mapped residues role in the interaction between µNS and other MRV 
proteins and found that an interaction with MRV protein λ2 is also due to these residues. In 
the second project, to determine how MRV protein is preferentially translated at late times in 
infection, we created a series of plasmids and utilized a protein labeling system that allowed 
us to assay the impact of viral sequence, environment during infection, and mRNA 
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modifications on escape from translation shutoff. Although there is much more to be done 
with this project, our current results indicate that a combination of viral sequence and viral 
protein (or some other component of viral infection) is necessary for successful escape from 
translation shutoff. 
THESIS ORGANIZATION 
 This thesis is organized into four chapters. Chapter 1 gives a general introduction as 
to the basic ideas behind my research and presents the questions we sought to address with a 
brief overview of the results. Following the general introduction I have provided a literature 
review that gives a more in depth background on the topics pertinent to my research. Chapter 
2 consists of a paper currently in preparation for submission for publication on the role of 
MRV protein µNS in SG modulation. Chapter 3 addresses my ongoing work on determining 
how MRV escapes translation shutoff at late times in infection and presents our initial 
findings that will be submitted for publication at a later date. Chapter 4 is a general 
conclusions chapter and serves to summarize my results and thoughts on their importance in 
the field and ideas for future work. Figures in chapters 1, 2, and 3 can be found following the 
references at the end of each chapter. 
LITERATURE REVIEW 
Virus Family Overview 
A member of the Reoviridae family of viruses, Mammalian Orthoreovirus (reovirus 
or MRV) is one of the more benign viruses. It is a nonpathogenic, nonfusagenic virus that 
causes mild respiratory and gastrointestinal distress in infected animals and is contracted 
through a fecal to oral route. However, within the Reoviridae family, there are a number of 
pathogenic viruses that are important human, animal, and plant diseases (75). One such virus 
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is Rotavirus. Rotavirus is a human virus that has a large impact on human heath across the 
world, especially in the infant population. Over one billion Rotavirus infections are seen each 
year with about one million deaths resulting from excessive dehydration caused by diarrhea. 
Although there are now several vaccines available for Rotavirus, most of the Rotavirus 
related deaths are seen in developing countries where access to healthcare and thus vaccines 
are not as readily available (19, 61).  
Another Reoviridae family member that is a significant health threat is Bluetongue 
virus. This virus is an animal pathogen and affects ruminant animals, particularly sheep. 
Originally found in South Africa in the early 1900s, there are now over 20 different 
serotypes, some of which are found across Europe and the United States. Bluetongue virus 
causes high fever, cyanosis of the tongue (hence the virus name), hemorrhaging, and a 
variety of reproductive issues. The deaths resulting from severe Bluetongue virus  infections 
and the reproductive complications arising from more mild infections has a great economic 
impact on the sheep industry in particular, including over 3 billion dollars in losses in the 
United States alone after an outbreak in 1996 (reviewed in (76)).  
As a non-pathogenic member of a family that causes significant disease in a wide 
range of life, MRV has the advantage of being able to be used to determine family applicable 
processes during infection without the pathogenic risk. Similar to other members of the 
family, MRV is composed of ten, double stranded RNA gene segments that are enclosed in a 
double capsid structure with an icosahedral arrangement having a diameter of about 85nm. 
The ten gene segments are classified into three different categories dependent on their size. 
There are four small segments, three medium segments, and three large segments. These ten 
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various sized mRNAs encode between 12 and 13 proteins, including medium and small 
nonstructural proteins (75). 
Viral Life Cycle 
Reovirus enters a host cell through binding of the primary receptor junction adhesion 
molecule (JAM-1) and secondary receptor sialic acid with an outer coat protein σ1 (5, 18) 
(Fig. 1). Receptor binding initiates receptor mediated endocytosis into the cell (86). Once in 
the endosome, proteolytic cleavage occurs and the outer capsid is cleaved, producing several 
intermediate particles that allow for the eventual release of MRV into the cytoplasm. One of 
the most readily recognizable particles is what is termed an Intermediate Sub-Virion Particle 
(ISVP). The ISVP is still highly infectious but has the previously shielded µ1 protein 
exposed due to the cleavage of σ3, which indicates that σ3 likely plays a protective role in 
infection to avoid premature membrane disruption and is not directly involved in entry to the 
host cell (20, 35). The exposure of µ1 allows it to interact with the endosomal membrane and 
disrupt it, allowing for the delivery of MRV to the cytoplasm (15, 96). At some point after µ1 
interacts with the endosomal membrane, another cleavage event produces what are known as 
cores (8). Cores are not infectious and lack both σ1 and µ1. The loss of σ1 allows for the 
conformation of the λ2 “turret” to change and initiate transcription (reviewed in (16)). 
Once in the cytoplasm, primary transcription occurs within the core particle (79). 
During primary transcription positive stranded mRNA is produced within the core by the 
virus encoded λ3 RNA dependent RNA polymerase to avoid the exposure of the dsRNA to 
the cytoplasm (77, 84). Once the positive stranded mRNA is produced, it is extruded into the 
cytoplasm though the viral turrets. In the process of moving through the λ2 turrets, the 
mRNA has the opportunity to be capped by the capping residues (amino acids 190-191) 
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found in the λ2 protein (46, 47). Although it is quite clear that λ2 has the necessary functional 
domains to cap mRNA, there is disagreement on the status of capping on the mRNA. There 
has been some evidence that at early times in infection mRNA is capped but that at late times 
in infection, mRNA is not capped (80, 81, 95). However, this is a controversial topic in the 
field and will need more investigation before there is a resolution. In the cytoplasm, the 
capped, positive stranded mRNA is translated using the host cell translational machinery 
(82). Once translation begins, µNS, one of the nonstructural proteins, binds to viral cores to 
make globular structures in the cytoplasm called viral factories (VFs). µ2, which has been 
shown to associate with microtubules, binds µNS and transports these VFs to allow for the 
construction of very large structures that are found surrounding the nucleus (12).  
These VFs appear to serve as a platform for viral assembly. Within the µNS 
scaffolding, the eight nonstructural MRV proteins that form the capsid structure begin to 
assemble into essentially cores in a process that is not well understood (6). Once the core 
structure is assembled, positive stranded mRNA enters the particle through the λ2 turret and 
the complementary negative sense mRNA is synthesized by λ3 to create the complete 
dsRNA genome (17, 84). Like all viruses, space is at a premium in the MRV core so only 
one copy of each gene enters each core, however, this process is also not well understood and 
it is unknown if the mRNAs interact with one another to prevent the addition of duplicate 
gene segments or if there is some other way that the virus is able to “count” the included 
segments (2, 32). After the appropriate mRNA segments enter the core particle, they can 
undergo two fates. One possibility is that the mRNA replication process can start all over 
again with positive mRNA being synthesized (termed secondary replication with the 
possibility of uncapped mRNAs) and released back out into the cytoplasm to either be 
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translated or be packed into new viral cores. The other possibility is that the outer capsid can 
assemble on the core to make a full infectious viral particle (42). Once a full capsid is 
assembled the virus can be released from the host cell in a process that is not at this time well 
understood. 
MRV Protein µNS 
One of the MRV nonstructural proteins, µNS is important in forming VFs and 
without it MRV replication is severely diminished (10, 51). µNS is translated from the M3 
gene segment and is the primary product. Also derived from the M3 segment is the µNSC 
protein that was originally thought to be a cleavage product of µNS but was later shown to be 
a separate translational product with a start codon downstream (about 40 codons) of the full 
length µNS protein start codon (92). As µNSC is missing the first 40 amino acids as 
compared to full length µNS, its ability to bind to other proteins (such as µ2 and σNS) is 
impaired and it is unable to support viral replication in the absence of µNS (12, 51). As it is 
not completely functional, it is unknown if µNSC plays an alternate role in MRV replication 
and if so what that role may be. 
Full length µNS is 721 amino acids long with the C-terminal end predicted to be 
composed of α-helixes in a structure likened to myosin (92). Sequence comparison of M3 
between the three main serotypes of MRV (T1L, T2J, and T3D) indicates that it is one of the 
least conserved MRV genes with only 68.2% of the nucleotide identities conserved between 
the three strains and 81.4% of the amino acid identities conserved. Within the three strains 
however, T1L and T3D appear to be more closely related with 88.0% of the nucleotide 
identities and 95.6% of the amino acid identities conserved between the two. T2J shares 
approximately 71% nucleotide identities and 83% amino acid identities with T1L and T3D 
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(49). While M3 is not the most conserved gene in MRV, it has been ascribed similar 
functions to proteins produced by other Reoviridae family members. Rotavirus encodes two 
proteins that when coexpressed, appear to perform similar VF formation as µNS named 
NSP2 and NSP5 while Bluetongue virus encodes one protein, NS2, which forms viral 
inclusion bodies (VIB) (13, 24, 88).  
µNS has been shown to perform a variety of functions within an infected cell from 
providing a scaffold for replication to possibly binding mRNA to assist in the counting of the 
necessary µNS gene segments. It has also been implicated in increasing capping efficiency 
and preventing viral coating, although most of these functions are at this point still 
hypotheses (3, 7, 10-12). µNS is known to make up, along with σNS, most of the protein 
structure of VFs (7). It also has been shown to interact with most of the inner capsid proteins, 
although it is unknown if it is able to interact with all of the proteins at one time or if the 
interactions occur in a more sequential manner. Another interaction that is key in MRV 
replication is the interaction of MRV with core particles (50). After MRV has entered the 
cell, undergone proteolytic cleavage to produce cores, produced primary transcripts, and 
begun to produce the viral proteins, µNS either self-associates into globular precursors to 
form VFs and recruits cores or recruits cores and then self-associates into the larger globular 
structures referred to as VFs.   
Within infected cells, µNS produces two phenotypes. The two phenotypes initially 
form in a similar manner at early times in infection with µNS found in small globular 
structures throughout the cytoplasm (70). As infection proceeds however, the two phenotypes 
diverge. The first phenotype is caused by the majority of MRV strains including major 
research strains T1L and T2J and is characterized at late times in infection by the presence of 
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large, filamentous VFs that are found in the perinuclear space. The other, less common, 
phenotype is found in T3D infected cells. In these cells µNS is not filamentous and instead is 
found in large globular structures in the perinuclear space. However, when µNS from any of 
the strains is expressed alone in a cell, it forms globular structures that are similar to those 
found in T3D infected cells (12).  
Another MRV protein, µ2, has been shown to associate with and stabilize 
microtubules in MRV infected cells (59, 62). When this protein (T1L) is coexpressed in cells 
containing T1L µNS, the large filamentous structures are seen. When µ2 (T3D) is 
coexpressed with T3D µNS the large globular structures are seen (12). Apparently the 
association of µNS with µ2 is responsible for the organization of µNS on microtubules, 
although it also appears that µNS may have the capacity to interact with microtubules 
without µ2 as the small globular viral factories present at the beginning of infection move 
within the cell to form the large viral factories (filamentous or globular) found in the 
perinuclear space (7). In an effort to determine why there are two different phenotypes, it 
became clear that while the different strain phenotypes are observed as distribution of µNS, 
the µ2 protein is actually responsible for the phenotypes themselves. When µNS from the 
T3D strain is coexpressed with µ2 from T1L, the filamentous factories are seen while 
globular factories are seen with T1L µNS and T3D µ2 (12, 52, 62).  
Along with providing the scaffolding for VFs, µNS also associates with a number of 
MRV proteins, potentially to help with the organization of viral capsid assembly. The 
interaction sites of the five proteins involved in the core formation as well as the σNS protein 
and cores themselves have been mapped on µNS (11, 50, 51). The aforementioned µ2 
protein, responsible for microtubule association, has been mapped to the N terminus of µNS 
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where amino acids 20-25 appear necessary for interaction (12). Also binding at the beginning 
of the N terminus is σNS (necessary residues are 1-12), one of the other nonstructural 
proteins that is known to bind ssRNA, perhaps in an effort to prevent activation of viral 
defenses or sequester the ssRNA close to the assembly site of new cores (28, 51). The 
binding of these two proteins to µNS is important for the formation of complete VFs (and the 
cores in the case of µ2) and is a distinct function of µNS as the truncated µNSC protein 
missing the first 40 amino acids of µNS is unable to bind to either µ2 or σNS as expected due 
to the location of the necessary residues (12, 51).  
Also shown to bind at the N-terminus of µNS are λ1, λ2, σ2, and cores. These 
proteins are responsible for dsRNA binding (λ1and σ2) and capping (λ2) with the necessary 
residues for λ1 binding being 65-75, 75-85 for λ2, and 173-221 for σ2 and cores (50). After 
the σ2 and core binding site there is an approximately 250 amino acid stretch of µNS that has 
not been identified as being necessary for any MRV protein binding, although this region 
does contain sites that are sufficient for binding of several of the MRV proteins. This stretch 
could potentially be unavailable for protein binding due to protein folding (the structure of 
µNS has not yet been solved) or may possibly serve as a binding site to host cell proteins that 
although unidentified, may be bound in viral factories. After the 250 amino acid stretch, the 
interaction site for λ3 is found near the C-terminal end of the protein. λ3 is the RNA 
dependent RNA polymerase and its sufficient binding residues on µNS are amino acids 471-
721 with the necessary residues unable to be determined at this point (50). 
Also contained at the C-terminal end of µNS is the interaction site that allows for 
µNS-µNS binding to form the basis of VFs (9, 40). The C-terminal end is predicted to form 
two coiled coil domains with a linker between them that has metal chelating properties that 
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are also necessary for viral factory formation (49). The extreme C-terminal end is required 
for factory formation as even a small number of amino acids deleted results in the diffuse 
expression pattern of µNS instead of a normal globular or filamentous one (9). However, the 
more N-terminal coiled coil is apparently dispensable if a substitute is inserted, like EGFP. 
The interaction between EGFP and the µNS C-terminal coiled coil domain produces globular 
like structures, allowing for the creation of a protein-protein interaction system that has been 
utilized in the mapping of interactions with the other MRV proteins as previously discussed 
(50).  
With its capacity to bind many of the other MRV proteins and form the necessary 
structure for effective viral replication, µNS is an essential component of MRV infection. As 
such it would not be too surprising if it was responsible for the binding to cellular proteins 
that are also necessary for viral replication. Like most viruses, MRV encodes the minimum 
of necessary components to achieve replication and relies on host cell proteins to complete 
other necessary functions like viral protein translation. We have previously shown that at 
early times in infection, MRV induces the formation of stress granules (SGs) in infected cells 
that are disrupted by late times in infection (66, 67). This disruption is likely caused by 
interaction with one or more viral proteins and as the main component of VFs, µNS is a key 
suspect in this disruption and as such the localization between µNS and SGs was investigated 
as described in later chapters of this thesis.  
Stress Granules and Viruses 
SGs are globular, cytoplasmic structures that form in response to a variety of stressors 
including heat, chemicals, and viral infection. They are composed of a number of things 
including silenced mRNA, translation initiation factors, and ribosomal subunits. SGs also 
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contain a number of cellular proteins, several of which are known to bind RNA like T-cell 
intracellular antigen 1(TIA-1), TIA-1 related protein (TIAR), and GTP-ase binding protein 
(G3BP) (27, 85). While we do know some of the components of SGs, it is unknown how they 
assemble (and disassemble) in a stressed cell. We do however know of one major way that 
triggers the cascade that causes their formation. This trigger is the phosphorylation of eIF2α 
(reviewed in (1, 56, 69)) (Fig. 2).  
eIF2α is a subunit of the eIF2 translation initiation factor that forms ternary complex 
with GTP and the tRNAi
Met
 which then recruits the 40S subunit of the ribosome. After the 
initiation of translation, eIF2 is released from the translation complex with the cleavage of 
GTP. In order to bind new GTP and start the translation initiation cycle over, eIF2 binds to 
eIF2B which exchanges the spent GDP for GTP. However, when eIF2α is phosphorylated, 
eIF2 binds much tighter to eIF2B and prevents the exchange of GTP (41). As there is a finite 
amount of eIF2B present within the cell as compared to eIF2, this regulatory binding 
effectively shuts off translation and results in the stalling of ribosomes on mRNA(34, 37, 39). 
Within eIF2α, a serine at amino acid 51 serves as the site of regulation that can be 
phosphorylated (39). This serine residue can be phosphorylated by any of four kinases; PKR 
which binds to dsRNA, heme-regulated inhibitor (HRI) which is triggered by changes in the 
amount of heme present, PKR-like endoplamic reticulum kinase (PERK) which responds to 
endoplasmic reticulum (ER) stress, and general control non-derepressible kinase (GCN2) 
which is activated though nutrient deprivation (30, 31, 39, 45, 93). Some viruses that cause 
SGs to form in infected cells do so through PKR, including MRV although some strains of 
MRV are able to prevent PKR activation by the binding of dsRNA by the viral σ3 protein 
(94). 
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As a dsRNA binding protein, PKR is an effective guard against foreign entry into the 
cell as dsRNA is not a normal species of RNA found in a host cell (25). Many viral genomes 
are composed of dsRNA, including those found in the Reoviridae family. However, in the 
case of MRV, it has been indicated that the dsRNA is not likely exposed to the cytoplasm 
and instead only ssRNA is released so the method of activation of PKR in MRV infected 
cells is still unknown at this point (33, 78). No matter how PKR is activated in MRV infected 
cells, high levels of eIF2α phosphorylation is seen throughout infection. As expected due to 
the levels of eIF2α phosphorylation, SGs are induced to varying degrees in different cell 
types when infected with MRV. However, these SGs diminish in number throughout 
infection and at late times in infection are no longer found in infected cells although the 
levels of eIF2α remain high. Infected cells are also unable to form SGs in the presence of 
exogenous stressors (like sodium arsenite which induces SG formation though the HRI 
kinase), indicating that virus is somehow able to either “uncouple” the formation of SGs 
from the cascade initiated by the phosphorylation of eIF2α or disrupt and prevent the 
formation of new SGs at later times in infection (66, 67). 
While it is not known at this point how MRV is able to disrupt SGs, we have 
previously shown that when SGs are present in the cell that viral cores localize with them 
(67). As will be addressed in the next chapter, we have also seen that µNS (and subsequently 
viral factories) also localize with SGs in infected cells. This could indicate that there is an 
interaction between a viral protein and SGs that result in SGs being disassembled over the 
course of infection. While the disruption of SGs is not well understood in the context of 
MRV infection, many other viruses have been shown to disrupt them in order to continue 
replicating.  
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Viruses regulate SG formation and disruption in a variety of ways from preventing 
their formation all together by blocking eIF2α phosphorylation to taking advantage of their 
presence and using them to increase viral replication by virtue of SGs (and thus important 
translational proteins) proximity to viral replication centers (87, 91). In a recent review by 
Lloyd et al., three categories were tentatively formed to classify the types of interactions with 
SGs by viruses. These classes are (1) viruses that induce and then inhibit SGs, (2) viruses that 
inhibit stress granules, and (3) viruses that tolerate or exploit SGs. MRV has been shown to 
fall into the first class but also may have a place in the third class as well as the disruption of 
stress granules coincides with viral replication but not cellular replication, possibly indicating 
that MRV is able to use the concentrated translation factors for its own benefit when SGs are 
disrupted (66). 
Within the first category, Poliovirus, Semliki Forest virus, and Hepatitis C virus all 
induce SGs to varying degrees in infected cells and later disrupt them (91). In the case of 
Poliovirus, SGs are initially formed in an eIF2α independent manner in which it cleaves 
eIF4GI and eIF4GII which subsequently triggers the formation of SGs. Like MRV, SGs are 
not seen in Poliovirus infected cells at late times in infection (though aggregates containing 
TIA-1 remain) due to Poliovirus cleaving G3BP, an important component of SGs, to allow 
their disruption. Also similar to MRV infection, SGs are unable to be induced after the virus 
has initially disrupted them (90). In Hepatitis C virus infected cells, SGs are initially induced 
by PKR activation after which components of SGs are specifically recruited to the viral 
replication factories, presumably disrupting SGs and preventing further formation by 
sequestration of required components by the virus (26). 
15 
 
 
 
In an attempt to prevent translational shutoff all together, many viruses like West Nile 
virus, Herpes Simplex virus 1, Influenza A virus, and a member of Reoviridae family 
Rotavirus, prevent the formation of SGs (91). The strategies used to achieve this vary from 
interfering with the normal function of a required SG protein like TIA-1 (West Nile virus and 
Herpes Simplex virus 1) to blocking the activation of the eIF2α phosphorylation pathway 
(Influenza A virus) (22, 23, 38). Rotavirus infection induces eIF2α phosphorylation similar to 
MRV but SGs are not formed, presumably due to Rotavirus unlinking eIF2α phosphorylation 
from SG formation in a strategy that may be like how MRV prevents SG formation at late 
times in infection (55). 
Lastly, by virtue of their limited genomes and size restrictions, some virus may 
benefit from SG formation in infected cells. Respiratory Syncytial virus induces SG 
formation as a way to increase viral translation by causing the shutoff of cellular translation 
via SGs (43). In cells infected by Vaccinia virus, SG like inclusions are found adjacent to 
viral factories and appear to be involved with viral replication. These inclusions are similar to 
SG in that they contain most of the factors normally seen in these structures except for 
silenced RNA. There has been evidence that Vaccinia virus somehow degrades the host 
mRNA in order to repurpose SGs for its own replication (36). 
While the ways viruses interact with SGs vary, it is clear that in order to effectively 
replicate most viruses have had to find a way to cope with the sequestration of important 
translational factors in SGs. As SGs certainly can prove to be an effective block to viral 
infection, it has been proposed that SGs may form as a component of the innate immune 
system with SGs acting as an antiviral to stop the spread of the virus (44, 58). In MRV 
infected cells SGs appear to interact with the virus in what may ultimately be a beneficial 
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way. Our research investigating the role of MRV protein µNS and SGs aims to clarify the 
nature of this interaction. 
MRV Translation 
Like many viruses, MRV requires the host cell translational machinery in order to 
produce its own proteins. We have previously shown that at early times in infection, 
translation of both the host and viral proteins are shutoff while at late times in infection only 
viral translation proceeds (66). This indicates that MRV is able to somehow preferentially 
use the cellular translation components. How MRV interacts with an important initiation 
factor (eIF2α) to induce the formation of SGs has been previously discussed but it is 
unknown how MRV is able to successfully compete with cellular mRNA for the limited 
amount of translation machinery present in the infected cell (78). Possible ways that MRV is 
able to do this includes (but is not limited to) the presence of specific sequence found only in 
viral mRNA, viral proteins, mRNA modifications, or a combination of two or more of these 
possibilities (48, 54, 57). Chapter 3 will address our research into the impact of viral 
sequence and the environment produced during MRV infection on MRV escape from 
translation shutoff. 
Translation in the host cell is a highly regulated process involving a large number of 
initiation factors and associated proteins with the majority of the regulation occurring at the 
initiation step, presumably to avoid needless synthesis of proteins (reviewed in (34, 60)). The 
first step of translation initiation is the formation of the 43S preinitiation complex that is 
involved in the scanning of mRNAs. The 43S preinitiation complex is composed of a 
recycled (from previous rounds of translation) 40S ribosome with associated proteins eIF3, 
eIF1, and eIF1A, all of which assist in preventing the reassociation with the 60S ribosome 
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before the rest of the required initiation factors and necessary components are assembled 
(64). As previously described, eIF2 is associated with GTP and subsequently the tRNAi
Met
 
which then associates with the 40S ribosome complex. Also involved in this complex is eIF5 
although it is not known whether it is associated with the 40S ribosome complex before or 
after the addition of the eIF2 ternary complex (4). 
At the same time, a separate complex forms with the mRNA to be translated. The 
eIF4F complex (eIF4A, eIF4E, and eIF4G) initially associates with eIF4B and then the 
mRNA that has already bound PABP to its Poly A tail. eIF4E binds to the 5’ cap structure of 
the mRNA and then the mRNA circularizes due to an interaction between PABP and eIF4G 
that serves to enhance translation efficiency (29, 89). eIF4A is a helicase that once bound the 
mRNA, functions with the assistance of eIF4B (and eIF4H) to unwind the 5’ end of the 
mRNA to allow the entry of the ribosome for scanning (71, 72). Once the 5’ end of the 
mRNA has been unwound, the 40S ribosome containing complex associates with the mRNA 
and attached factors though eIF4A and eIF4G to complete the 43S initiation complex and 
begins scanning of the mRNA for the appropriate AUG codon in a 5’ to 3’ direction (68). 
eIF1 helps prevent the binding of the tRNAi
Met
 to the wrong AUG through interactions with 
specific sequences in the mRNA (63). Once eIF1 has identified the appropriate AUG it is 
released, eIF5 performs its GTPase function on the GTP bound to eIF2 in the ternary 
complex, allowing for the formation of the 48S initiation complex, and with the cleavage of 
GTP eIF2 is able to partially dissociate. At this point the 60S ribosome unit is recruited in an 
eIF5B dependent manner and the initiation factors eIF2-GDP, eIF3, eIF4B, eIF4F, and eIF5 
dissociate from the complex now referred to the 80S complex. eIF5B then cleaves its bound 
GTP and is also dissociated along with eIF1A (14). After the dissociation of the initiation 
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factors translation elongation proceeds, adding the codon complimentary amino acids until a 
termination codon is reached and bound by eRF1 and eRF3, releasing the ribosomal subunits 
and newly synthesized protein with the subunits being recycled for another round of 
translation (53).  
Although most cellular mRNA is translated though a cap binding mechanism, it is not 
the only way to initiate translation. Internal Ribosome Entry Sites (IRESs) are structures 
found within mRNA that allow for the end-independent initiation of translation in a strategy 
that is utilized by a number of viruses as well as some select cellular mRNAs (reviewed in 
(74)). In viruses, four types of IRES have been discovered, each with different requirements 
for initiation factors (34). Other than IRESs, viruses have come up with a variety of strategies 
to initiate translation. Influenza virus has a “cap snatching” activity that removes the 5’ caps 
of cellular mRNA and adds them to virus mRNA to allow for translation (65). In the case of 
Dengue virus, the 3’ and 5’ ends are proposed to interact in such a way that cap independent 
translation occurs (21).    
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Fig1. Reovirus Life Cycle. MRV attaches to JAM-1 and sialic acid via σ1 and undergoes 
endocytosis. Within the endosome proteolytic cleavage occurs and µ1 perforates the 
endosomal membrane to release MRV cores into the cytoplasm. Once in the cytoplasm 
primary transcription and translation occur and VFs form. After the formation of VFs several 
possible fates may occur. New cores can be assembled on VFs with RNA minus strand 
synthesis occurring within the newly formed cores after which the outer capsid proteins can 
assemble to form infectious particles that are released from the cell. Alternatively, after RNA 
minus strand synthesis, secondary transcription and translation can occur to produce more 
viral mRNA and protein for new core synthesis.  
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Fig. 2. SG Induction. SGs can be induced by one of four kinases, HRI, GCN, PERK, or 
PKR. In MRV infection PKR is induced and causes the formation of SGs through the 
phosphorylation of eIF2α. eIF2 forms ternary complex with tRNAi
Met
 and GTP. Ternary 
complex is part of the 43S preinitiation complex that binds to circularized mRNA and scans 
to initiation translation. Initiation requires the cleavage of the GTP in the ternary complex 
resulting in eIF2 bound to GDP being released. eIF2B binds to this complex to exchange 
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GTP for GDP but when the alpha subunit of eIF2 is phosphorylated eIF2B is unable to 
complete the exchange and the formation of SGs is triggered. SGs are formed of these eIF2-
eIF2B complexes, stalled ribosomes, and cellular proteins like TIAR and G3BP. SG 
induction results in the formation of globular structures in the cytoplasm that correlate with 
the shutoff of translation.   
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CHAPTER 2. AMINO ACIDS 78 AND 79 OF MAMMALIAN ORTHOREOVIRUS 
PROTEIN µNS ARE NECESSARY FOR LOCALIZATION TO CELLULAR STRESS 
GRANULES, INTERACTION WITH VIRAL PROTEIN λ2, AND REPLICATION 
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ABSTRACT 
At early times in infection with Mammalian Orthoreovirus (MRV), cytoplasmic 
inclusions termed stress granules (SGs) are formed as a component of the innate immune 
response via Protein Kinase R (PKR) activation and eIF2α phosphorylation. At late times in 
infection SGs are no longer present in the cell despite sustained high levels of phosphorylated 
eIF2α. To investigate a potential role of MRV in SG modulation, we examined the 
localization of viral proteins relative to SGs in infected cells. The viral protein µNS was 
found to colocalize with SGs in infected and transfected cells. Due to its important functions 
as the scaffolding protein for viral factories, we proceeded to determine the necessary region 
in µNS that allows for localization to SGs. Using a series of deletion and substitution mutant 
plasmids, we were able to map the necessary residues to amino acids 78 and 79 in the µNS 
protein. Mutation of these residues does not appear to cause misfolding of µNS and MRV 
proteins σNS, σ2, µ2, and λ1, all of which are known to interact with the N-terminal region 
of µNS, maintained their interactions with the mutant µNS protein. However, interaction 
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with MRV protein λ2 was disrupted in the µNS mutant. Attempts to recover recombinant 
virus with mutant µNS via reverse genetics were unsuccessful, indicating that amino acids 78 
and 79 are essential for viral replication.  
INTRODUCTION 
Mammalian Orthoreovirus (MRV) is a clinically benign member of the dsRNA 
family Reoviridae. The Reoviridae family contains a variety of viruses important in human, 
animal, and plant health. In mammals, these viruses can cause respiratory or gastrointestinal 
illness which in some cases (eg. Rotavirus, Bluetongue virus), can lead to host death (32, 37). 
In contrast, MRV is non-pathogenic in humans and most animals and therefore lends itself to 
being a safe research vehicle for determining the nuances of viral replication in a host 
organism. To initiate infection, MRV particles bind to their primary and secondary receptors, 
JAM-1 and sialic acid respectively, via the cell attachment protein 1 and enter the cell by 
receptor mediated endocytosis (3, 10). Once in the endosome, intermediate subvirion 
particles are formed via cathepsin protease cleavage of capsid protein 3, resulting in 
exposure of the previously shielded MRV membrane penetration protein 1 (12). Proteolytic 
cleavage and conformational reorganization of 1 facilitates movement of transcriptionally 
active core particles across the endosomal membrane into the cytoplasm (9, 30, 46). Once in 
the cytoplasm, viral positive sense RNAs are transcribed within the core particle and are then 
released to be synthesized into protein by the cellular translational machinery (38, 39).  
Early in infection, viral factories (VFs) form as small punctate structures throughout 
the cytoplasm that grow in size and become more perinuclear as infection continues (35). 
The structural matrix of VFs appears to be primarily composed of the MRV non-structural 
protein µNS (8, 29). µNS is a 721 amino acid, primarily α-helical protein that has been 
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shown to interact with many other MRV proteins and virus core particles (6, 8, 22, 25, 26). 
These associations appear to be important in recruiting newly synthesized proteins to the VFs 
to allow for the efficient assembly of progeny virus core particles. VFs are dynamic 
structures that are thought to be the primary location of virus transcription, replication, and 
assembly and recent studies have shown that the formation of VFs is necessary for successful 
MRV infection (2, 4, 7, 11).  
When MRV enters a host cell, the innate immune response is activated via PKR, 
resulting in phosphorylation of eIF2 and shutoff of host translation. While some MRV 
strains are able to prevent this shutoff via the dsRNA binding activity of the viral 3 protein, 
other MRV strains are unable to inhibit host translational shutoff following infection (45). 
Concurrent with translational inhibition, important translational factors are sequestered into 
cytoplasmic bodies termed stress granules (SGs). SGs form following eIF2 phosphorylation 
and other perturbations of translation initiation that lead to the accumulation of stalled 
ribosomal complexes in the cell (18, 28, 36). SGs appear as globular structures throughout 
the cytoplasm and consist of an accumulation of cellular proteins such as T-cell restricted 
antigen-1 (TIA-1), TIA-1 related (TIAR), and GTPase-activating protein binding protein-1 
(G3BP), translation initiation factors, translationally silent mRNAs, and ribosomal subunits 
(15, 40). SGs have previously been found in MRV infected cells following virus-induced 
eIF2α phosphorylation (34). Despite sustained levels of eIF2α phosphorylation throughout 
infection, SGs are disrupted as MRV infection proceeds. This disruption of SGs correlates 
with escape of viral, but not cellular, translation (33). As the ability to overcome translational 
shutoff is critical for continued viral replication, describing the mechanism of MRV 
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modulation of SGs is likely to be an important step in understanding the virus’s ability to 
circumvent the cellular stress response. 
Although many aspects of SG formation and function are not fully understood, it is 
believed that they may serve as a component of the innate immune response to infection by 
many viruses (20, 31). Viruses such as poliovirus, influenza A virus, and hepatitis C virus are 
also known to modulate SGs upon infection. These viruses have devised strategies to 
circumvent the loss of cellular translational machinery to SGs. These strategies range from 
completely preventing the formation of SGs to disrupting SGs to allow for successful 
replication (14, 17, 42-44). In the case of MRV, SG disruption may be required to free 
translation initiation factors and ribosomes necessary for translation of viral proteins.  While 
SG formation and disruption during MRV infection is well-established, the mechanisms 
involved and role played by MRV in the process have not been determined. 
 To further investigate SG modulation during MRV infection, we examined the 
localization of each virus protein relative to SGs in both infected and transfected cells. 
Several MRV proteins, including µNS, appeared to localize to SGs. In this study, we focus 
on µNS due to its previously described vital role in the formation of VFs (8). Utilizing 
deletion and point mutations, we mapped the interaction between µNS and SGs and 
identified a two amino acid region within the amino (N)-terminal third of µNS necessary for 
SG localization. We additionally examined the impact of this mutation on previously 
identified interactions between µNS and other viral proteins. Finally, using reverse genetics, 
we examined the effect of this mutation in the production of viable virus. 
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RESULTS 
μNS localizes to SGs in infected and transfected cells but cannot modulate SG 
formation. In an effort to determine the mechanism of SG modulation in MRV infection, we 
examined the localization of a number of MRV proteins relative to virus-induced SGs in 
infected cells. We have previously shown that MRV induces SGs at early times (4-6 h post 
infection, p.i.) in infection (34), therefore, Cos-7 cells were infected with MRV T3D and at 6 
h p.i. cells were fixed and stained with antibodies against individual virus proteins and the 
SG-localized cellular protein TIAR. Several viral proteins showed some localization to SGs, 
including the non-structural µNS protein (Fig. 1A, and data not shown). Because of its 
crucial role in VF formation, we selected µNS for further investigation in this study. 
To determine if µNS had the capacity to induce SGs independently of infection, Cos-
7 cells were transfected with a plasmid expressing wild type µNS (pCI-µNS). At 24 h post-
transfection (p.t.), cells were immunostained with antibodies against µNS and the SG 
localized protein TIAR (Fig 1B, top row). In these cells, µNS formed the previously 
described virus factory-like (VFL) structures (4) while TIAR was diffusely distributed 
throughout the cells and SGs were not present. This data indicates that µNS is not capable of 
inducing SGs independently of virus infection and further, because TIAR did not localize to 
VFLs, that association between µNS and SGs does not likely occur through the TIAR 
protein. Similar results were seen in cells expressing µNS that were immunostained with 
antibodies against other known SG-localized proteins TIA-1 and G3BP (data not shown).  
Although MRV induces SGs at early times in infection, we have previously shown 
that at late times in infection SGs are not present even though eIF2α is phosphorylated. 
Moreover, we found that at late times in infection MRV is able to prevent SG formation in 
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cells treated with external stressors such as sodium arsenite which induces eIF2α 
phosphorylation through the Heme Regulated Inhibitor (HRI) kinase (23). To ascertain 
whether µNS can disrupt SGs induced by SA, Cos-7 cells were transfected with pCI-µNS 
and at 23 h p.t. SA was added for 1 h to induce SGs, after which point cells were fixed and 
immunostained with antibodies against µNS and TIAR (Fig 1B, bottom row). In these 
experiments, SGs were clearly formed as a result of SA treatment in cells expressing µNS, 
suggesting that µNS is unable to disrupt SGs independent of infection.  However, µNS was 
partially colocalized with SGs induced by SA in these cells with some µNS staining in each 
SG and some µNS staining in VFLs that did not stain with TIAR. This pattern of localization 
may suggest that when SGs form, free µNS is recruited to SGs while some µNS remains 
associated with the VFL structures. Altogether these data suggest that while µNS localizes 
with SGs in both infected and transfected cells, it is not solely responsible for the induction 
or disruption of SGs in MRV infected cells. 
μNS amino acids 76-85 are required for association with SGs. In order to identify 
the region of µNS responsible for localization with SGs, a series of deletion mutant plasmids 
in which ten amino acid sections were progressively deleted from the µNS N-terminus were 
utilized (25) (Fig 2A). Cos-7 cells were transfected with the N-terminal deletion plasmids 
and at 23 h p.t. SGs were induced with SA and µNS localization relative to SGs was 
determined by immunostaining with antibodies against µNS and TIAR (Fig 2B). Comparing 
the N-terminal deletion mutants to wild type µNS it appears that the interaction between µNS 
and SGs is maintained in all of the mutants up to the point where 75 amino-acids are deleted 
from the N-terminus (pCI-µNS(55-721), pCI-µNS(65-721), and pCI-µNS(75-721)), whereas 
those in which 76 or more amino-acids are deleted from the N-terminus lose localization with 
37 
 
 
 
SGs (pCI-µNS(85-721) and pCI-µNS(95-721)).The maintenance and loss of localization 
with SGs of these mutants suggests that µNS amino-acids 76-85 are necessary for µNS 
recruitment to SGs.  
µNS amino-acids 78-79 are necessary for µNS localization to SGs. To further 
narrow the ten amino acid region identified as being important in µNS association with SGs, 
two point mutants were constructed in which either µNS amino acids 75-79 or 80-84 were 
mutated such that they encoded glycines/alanines in these five positions (Fig 2A). Plasmids 
expressing these mutants (pT7-µNS(75-79)RZ and pT7-µNS(80-84)RZ) were transfected in 
Cos-7 cells and at 23 h p.t. SGs were induced with SA and localization of mutant µNS was 
examined through immunostaining using antibodies against µNS and TIAR. In these 
experiments, the µNS(75-79) mutant showed both TIAR stained SGs and µNS stained VFLs, 
however, the two cytoplasmic structures did not overlap, suggesting a distinct loss of µNS 
localization to SGs. The µNS(80-84) mutant on the other hand presented a similar pattern of 
localization as seen in wild type µNS (Fig 3A), with clearly overlapping µNS and TIAR 
signals in all SG structures, and some µNS in VFLs that did not overlap with SGs. The 
absence of µNS localization to SGs in the µNS(75-79) mutant indicates that the amino acids 
responsible for µNS localization to SGs are found between residues 75 and 79. 
To continue narrowing down the necessary amino acids residues for µNS localization 
to SGs, the previously identified five amino acid section was further split into two amino acid 
point mutants in which the native amino acids present in µNS at positions 76-77 or 78-79 
were changed to glycine/alanine (pT7-µNS(76-77)RZ and pT7-µNS(78-79)RZ, Fig 2A). 
Cos-7 cells were transfected with these plasmids and at 23 h p.t. cells were treated with SA 
for 1 h, at which point cells were fixed and immunostained with antibodies against µNS and 
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TIAR. The µNS(76-77) mutant exhibited a pattern of localization with SGs that was similar 
to wild-type µNS, suggesting these residues were not involved in µNS localization to SGs 
(Fig. 3B), however, though both SGs and VFLs were present in cells expressing µNS(78-79) 
(Fig. 3B), they did not overlap, suggesting that µNS residues 78-79 are necessary for µNS 
localization to SGs.  
To determine the individual contribution of amino acids 78 and 79 in µNS and SG 
localization, two plasmids containing single point mutations in either amino acid were 
constructed (pT7-µNS(78)RZ and pT7-µNS(79)RZ, Fig 2A) and µNS localization relative to 
SGs was examined following transfection. In these experiments, although the µNS 
association with SGs appeared qualitatively weaker than that seen in other mutants, both the 
µNS(78) and µNS(79) mutants showed some localization with SGs (Fig. 3C). These data 
indicate that neither amino acids 78 or 79 are individually responsible for µNS localization to 
SGs and instead, both amino acids are necessary for the localization. 
µNS(78-79) is not ubiquitinated. Creation of any mutation within a protein carries 
the possibility of inducing changes that result in misfolding, aggregation, ubiquitination, and 
loss of protein function. To assess this possibility with µNS(78-79), Cos-7 cells were 
transfected with either pCI-µNS or pT7-µNS(78-79)RZ and at 24 h p.t. were fixed and 
immunostained with antibodies against µNS and ubiquitin. As has been previously reported, 
wild type µNS did not substantially colocalize with ubiquitin in these experiments, 
suggesting the protein is not misfolded (27) (Fig. 4, top row). Similar to wild type µNS, there 
did not appear to be any colocalization between ubiquitin and µNS(78-79) (Fig 4, bottom 
row), suggesting that introduction of glycine and alanine at these positions does not lead to 
substantial protein misfolding or ubiquitination and indicating that the protein is functional. 
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µNS(78-79) maintains association with virus proteins σNS, σ2, μ2 and λ1. A 
second test of functionality of a mutated protein can be determined by testing whether known 
roles of the protein are still active. Previous work has shown that in addition to forming the 
structural matrix of the VF, µNS interacts with many other MRV proteins and recruits or 
retains them in the VF structure where they are needed for successful assembly and 
replication. The virus proteins that µNS has been shown to interact with include the non-
structural σNS protein, as well as the core proteins, 2, 1, 2, 3, and 2. The interaction 
sites of all of these proteins have been mapped and several of them (NS, 2, 1, and 2) 
occur within the N-terminal third of µNS but do not directly overlap with µNS amino-acids 
78-79 (25). As we were interested in examining the role of the µNS interaction with SGs 
during virus infection using the µNS(78-79) mutant, this was a potential problem in that the 
mutation of amino acids 78-79 could potentially interrupt those interactions. To determine if 
this was the case, pT7-µNS(78-79)RZ or pCI-µNS were each cotransfected into Cos-7 cells 
with plasmids expressing σNS, σ2, µ2, or 1 and at 24 h p.t., cells were fixed and  
immunostained with antibodies against µNS and each of the virus proteins to ascertain 
whether the interaction between µNS(78-79) and each protein was maintained. In each case, 
the expressed virus protein was colocalized with both wild type µNS and µNS(78-79) in 
VFLs, suggesting that the proteins maintained interaction with the mutant µNS (Fig 5A-D). 
The maintenance of these associations additionally further suggests that the mutant protein 
maintains proper folding in order to sustain these interactions. 
Mutation of µNS amino acids 78-79 disrupts µNS association with λ2. Like σNS, 
σ2, µ2, and 1, the core surface protein 2 also is known to interact with the N-terminal end 
of µNS, however, the interaction of 2 protein is of particular interest because it has been 
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shown that µNS amino acids 75-85 are necessary for this interaction, suggesting an increased 
possibility that the site that we have identified as being necessary for µNS localization to SGs 
may overlap with the λ2 association site (25). To determine the impact of mutating µNS 
amino acids 78-79 on its interaction with λ2, pCI-µNS or pT7-µNS(78-79)RZ were 
cotransfected with pCI-λ2 into Cos-7 cells and at 24 h p.t. cells were immunostained with 
antibodies against µNS and λ2. In these experiments, unlike the λ2 colocalization with wild-
type µNS in VFLs, in cells expressing µNS(78-79) λ2 did not localize to VFLs and was 
instead diffusely distributed throughout the transfected cells. These findings suggest that in 
addition to being involved in µNS localization to SGs, µNS residues 78-79 are required for 
association with λ2 (Fig. 6).  
µNS(78-79) is non-functional in rescue of recombinant virus using reverse 
genetics. To determine the viability of a virus containing a mutation within µNS amino-acids 
78-79, a previously described four plasmid based reverse genetics system was utilized in 
attempts to create recombinant virus (5, 19). In an effort to increase efficiency of plasmid 
uptake and mimic the conditions used in wild type controls, the µNS(78-79) mutation was 
subcloned out of the pT7-µNS(78-79)RZ plasmid and into the reverse genetics plasmid pT7-
L2-M3T1L so that a total of four plasmids were used in the both the wild type and mutant 
experiments. BHK-T7 cells were transfected with either the four wild type plasmids (pT7-
L1-M2T1L, pT7-L2-M3T1L, pT7-L3-S3T1L, and pT7-M1-S1-S2-S4T1L), three wild type 
plasmids and pT7-L2-M3(78-79)T1L, or the three wild type plasmids without pT7-L2-
M3T1L as a negative control. At 24, 48, and 72 h p.t., cell lysates were collected and 
standard MRV plaque assays were performed on L929 cells. In three separate experiments, 
we were unable to rescue mutant virus containing the µNS(78-79) mutation while wild type 
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virus was rescued to varying levels in each replicate (Table 1). This indicates that µNS amino 
acids 78-79 are important for successful replication of MRV, either as a result of loss of 
localization with SGs, loss of interaction with λ2, or for some other currently undefined 
reason. 
DISCUSSION 
In this work we have shown that the MRV µNS protein localizes with SGs at early 
times in infection and in transfected cells but that it is not capable of inducing or disrupting 
SGs in the absence of infection. Nonetheless, we sought to characterize this localization as 
both a potentially important step in MRV modulation of SGs during infection and to 
determine whether this interaction is necessary for viral replication and in the course of doing 
so, identified µNS amino-acids 78 and 79 as being necessary for µNS localization to SGs. 
When this µNS mutant was used in attempts to recover virus using reverse genetics, no 
viable virus was recovered, indicating that these amino acids play a necessary role in MRV 
replication.  However, in our investigation of the functionality of the µNS(78-79) mutant, we 
also found that it lost interaction with the virus core surface protein λ2. µNS recruitment of 
λ2 to VFs during infection likely is also a critical function of the protein. Therefore, while 
this region of µNS appears to be vital for successful MRV replication, it is difficult to 
ascertain whether it is the loss of SG localization, λ2 association, or both that render the 
mutant inviable. Moreover, the inability to rescue recombinant mutant virus prevents further 
investigation that may determine if the µNS(78-79) mutant is defective in SG modulation or 
λ2 recruitment to VFs in infected cells. Although it is clear that these amino acids are 
necessary for virus replication, unless the loss of µNS localization to SGs can be separated 
from the loss of the λ2-µNS interaction it is unlikely that we will be able to use this approach 
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to elucidate the role that the localization between µNS and SGs plays in viral replication. 
Additional experiments are underway using a combined siRNA knockdown/plasmid 
complementation approach that may lend further insight into the importance of this 
interaction in MRV infection. 
Although amino acids 78-79 of µNS are necessary for localization with SGs, it is yet 
unknown how and under what circumstances µNS interacts with SGs in infected cells. Some 
previous evidence suggests that µNS is capable of binding viral ss and dsRNA (1). 
Considering SGs are made up of numerous RNA-binding proteins, it is possible that the µNS 
interaction with SGs occurs indirectly through binding of the same RNA by both a SG 
localized protein and µNS. As the localization of µNS to SGs occurs in both infected and 
transfected cells expressing the µNS encoding M3 RNA, it may be possible that µNS is 
recruited to SGs indirectly, but specifically through a viral RNA interaction or non-
specifically via non-specific RNA interactions. In addition, λ2 which functions as the 
guanylyl- and methyl-transferase for reovirus mRNAs (21) may be associated with µNS 
through an indirect RNA intermediate and mutation of µNS amino-acid 78-79 may destroy 
the ability of µNS to associate with RNA, thereby disrupting µNS interaction with both SGs 
and λ2. Additional experiments will be necessary to determine the RNA-binding capacity of 
this µNS mutant and the relationship between µNS RNA binding and SG and λ2 association. 
It is also possible that µNS amino acids 78 and 79 interact directly with an SG-
localized protein. It is clear from our studies that the proteins most often associated with SG 
formation (TIAR, TIA-1, and G3BP) are not involved in this interaction as when µNS is 
expressed alone in cells, these proteins do not colocalize with VFL (Fig. 1 and data not 
shown). Translational initiation factors and other cellular proteins that localize to SGs are 
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additional possible recruitment proteins. It would be sterically difficult for both λ2 and an as 
of yet unidentified SG protein to interact with a single µNS molecule at these residues 
simultaneously. However, it is possible that both interactions occur but at different times 
during infection or through independent interaction of different µNS molecules with either 
SGs or λ2. What is clear from our work this far is that µNS does not require any other virus 
proteins for localization to SGs as it is found in SA-induced SGs in the absence of infection. 
 We have now shown that parental core particles as well as µNS are localized to SGs 
at early times in infection. This localization could be a strategy of the virus to increase viral 
replication as effective translation appears to be correlated with MRV disruption of SGs. If 
MRV cores localize to SGs, it would put them in a good location to co-opt the sequestered 
translation factors in SGs. By appropriating the translation factors found in SGs, MRV 
mRNAs could presumably be translated more efficiently than if each mRNA needed to find 
each translational regulatory component separately. This colocalization may also have a 
nucleating effect for VFs, with viral translation occurring near SGs resulting in the genesis of 
new VFs consisting of µNS and other viral proteins. Much additional work will need to be 
performed to understand the relationship between SGs and MRV VFs. 
Many other viruses have been shown to interact with SGs in infected cells in order to 
effectively replicate (20). Although the ways that these viruses go about interacting with this 
pathway vary greatly, it is clear that viral evasion and/or viral subversion of this pathway is 
an important part of the lifecycle of many viruses. While in most cases SGs are seen as a 
barrier to productive infection, the formation of SGs could prove beneficial in a viral 
infection if their presence also prevents host translation or their formation results in a 
convenient accumulation of cellular translational components for virus usage. In a situation 
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in which SG formation is beneficial, it is likely that the virus will need a way to disrupt these 
SGs or “pull” the necessary components from SGs. In MRV it appears that µNS could 
function in that capacity but more research is needed to show if this is truly the case.  
MATERIALS AND METHODS  
Cells, Virus, and Reagents Cos-7 cells were maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Invitrogen Life Technologies) containing 10% fetal bovine 
serum (Atlanta Biologicals) and penicillin-streptomycin (100 IU/ml; Mediatech). BHK-T7 
cells were maintained in DMEM (Sigma) containing 10% fetal bovine serum, penicillin-
streptomycin (100IU/ml), L-Glutamine (2 nM; Mediatech), Non-Essential Amino Acids 
(Invitrogen Life Technologies), and Fungazone (25ng/ml) with 1mg/ml of G418 added every 
other passage to maintain the T7 polymerase. L929 cells were maintained in Minimum 
Essential Medium Eagle with Joklik Modification (Sigma) containing 2% fetal bovine serum, 
2% bovine calf serum (HyClone Laboratories), penicillin-streptomycin (100 IU/ml), and L-
Glutamine (4 nM). The primary antibodies used in immunofluorescence assays were as 
follows: goat polyclonal anti-TIAR (α-TIAR) antibody (sc-1749; Santa Cruz Biotechnology), 
and mouse monoclonal anti- multi ubiquitin antibody (D071-3;Medical & Biological 
Labratories co., LTD). Rabbit polyclonal antiserum against µNS, rabbit polyclonal antiserum 
against MRV-core, rabbit polyclonal antiserum against µ2, rabbit polyclonal antiserum 
against σNS, and mouse monoclonal antibody (7F4) against λ2 have been previously 
described (7, 8, 16, 41). The mouse polyclonal antiserum (174) against µNS was created at 
the Iowa State University Hybridoma Facility using peptides against µNS amino acids 178-
197 and 282-301 synthesized using a Multiple Antigen Peptide System. The secondary 
antibodies used in immunofluorescence experiments were as follows:  Alexa 488- or Alexa 
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594-conjugated donkey α-mouse, α-rabbit, or α-goat IgG antibodies (Invitrogen). Sodium 
arsenite (SA) (Sigma-Aldrich) was used where indicated at a final concentration of 0.5 mM. 
Purified virions of T3D
c
 (superscript serves to distinguish between the strain from the 
Cashdollar lab which we use in this study and the Nibert strain, we refer to the virus used as 
T3D in the rest of the paper) were prepared as described previously (24), using Vertrel 
reagent (DuPont) in place of Freon, and stored in dialysis buffer (150 mM NaCl, 10 mM 
Tris, pH 7.4, 10 mM MgCl2) at 4°C. Viral titers (CIU) were determined on Cos-7 cells as 
previously described (33). 
Plasmid Creation N-terminal deletion clones pCI-µNS(55-721), pCI-µNS(65-721), 
pCI-µNS(75-721), pCI-µNS(85-721), pCI-µNS(95-721), pCI-σNS, pCI-σ2, pCI-µ2, pCI-λ1 
and pCI-λ2 were described previously (25). Mutants pT7-µNS(75-79)RZ and pT7-µNS(80-
84)RZ were created by overlap PCR using primers containing nucleotide mutations resulting 
in five amino-acid changes within µNS (pCI-µNS(75-79); SLVVR SAGAG, pCI-µNS(80-
84); PFSSGAGAAG) and the vector pT7M3RZ as template. PCR products were digested 
with NruI and SpeI and ligated into EcoRV and SpeI digested pBluescriptIIKS(-). Using SpeI 
and BclI restriction sites, the respective mutations were each ligated into pT7M3RZ.  
Mutants pT7µNS(76-77)RZ (LVAG), pT7µNS(78-79)RZ (VRAG), pT7µNS(78)RZ 
(VA), and pT7µNS(79)RZ (RG), were created by overlap PCR using primers containing 
the indicated mutations and pT7µNS(75-79)RZ as template. The PCR products and vector 
pT7µNS(75-79)RZ were then digested with SpeI and BclI and ligated. The reverse genetics 
mutant pT7-L2-M3(78-79)-RZ(T1L) was created by digestion of  pT7-µNS(78-79)RZ and 
pT7-L2-M3-RZ(T1L) with PshAI and AgeI, and ligation of the digested mutant fragment 
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into the digested reverse genetics plasmid. All plasmids were positively selected by 
restriction enzyme digest and confirmed by nucleotide sequencing. 
Transfections and Infections Cos-7 cells were seeded onto 6-well cell culture plates 
at 1.5x10
5
 per well containing 18mm diameter coverslips the day before 
transfection/infection.  To infect samples, media was removed from cells and T3D
c
 at a CIU 
of 1 was diluted into phosphate buffered saline (PBS) [137 mM NaCl, 3 mM KCl, 8 mM 
Na2HPO4 (pH 7.5)] containing 2 mM MgCl2, and adsorbed to cells for 1 h, after which, cells 
were overlaid with DMEM and incubated at 37°C. To transfect cells, 2.5 µg (one plasmid) of 
plasmid DNA or 2 µg each of two plasmids and 3µl of Tran-IT LTI per µg of DNA were 
combined in 250µl of Optimem media (Invitrogen Life Technologies), incubated for 20 min 
at room temperature and added to cell media. Cells were then incubated at 37⁰C for 16-24 
hours before immunofluorescence was done.  
Immunofluorescence Assay Cells were washed once with PBS and then fixed at 
room temperature for 15 min with 4% paraformaldehyde in PBS. The fixed cells were 
washed three times with PBS, permeabilized by incubation with 0.2% Triton X-100 in PBS 
for 5 min, and then washed three times with PBS. Samples were blocked by a 5 min 
incubation with PBS containing 2% bovine serum albumin (BSA). Primary and secondary 
antibodies were diluted in 2% BSA in PBS. After blocking, the cells were incubated for 30 
min with primary antibodies, washed three times with PBS, and then incubated for an 
additional 30 min with secondary antibodies. Cells were washed a final three times with PBS 
and mounted on slides with Prolong reagent with DAPI (4_,6-diamidino-2-phenylindole 
dihydrochloride) (Invitrogen). Samples were examined and images acquired with a Zeiss 
47 
 
 
 
Axiovert 200 inverted microscope equipped with fluorescence optics. Images were prepared 
using Photoshop and Illustrator software (Adobe Systems). 
MRV Reverse Genetics. Reverse Genetics transfection protocol modified from 
Kobayashi et al 2010; 4x10
5
 BHK-T7 cells were seeded onto 6-well plates and transfected 
with 2µg each of specified reverse genetics plasmids in 340µl of Optimem using 3µl of 
Trans-IT LTI per µg of DNA. Samples were collected by two freeze-thaws at 48, 72, or 96 h 
p.t. and plaque assays were performed as previously described (13), adding 100µl of sample 
per well. 
ACKNOWLEDGEMENTS 
We would like to thank Dr. Terry Dermody, Vanderbilt University Medical Center for the 
MRV reverse genetics system. We would also like to thank Missey Tegtmeyer for technical 
assistance and other members of the Miller laboratory for helpful discussions on the project 
and manuscript. This work was funded by a Roy J. Carver Charitable Trust Young 
Investigator grant and NIH NIAID R15AI090635 to CLM.  
REFERENCES 
1. Antczak, J. B., and W. K. Joklik. 1992. REOVIRUS GENOME SEGMENT 
ASSORTMENT INTO PROGENY GENOMES STUDIED BY THE USE OF 
MONOCLONAL-ANTIBODIES DIRECTED AGAINST REOVIRUS PROTEINS. 
Virology 187:760-776. 
2. Arnold, M. M., K. E. Murray, and M. L. Nibert. 2008. Formation of the factory 
matrix is an important, though not a sufficient function of nonstructural protein μNS 
during reovirus infection. Virology 375:412-423. 
3. Barton, E. S., J. C. Forrest, J. L. Connolly, J. D. Chappell, Y. Liu, F. J. Schnell, 
A. Nusrat, C. A. Parkos, and T. S. Dermody. 2001. Junction adhesion molecule is a 
receptor for reovirus. Cell 104:441-451. 
48 
 
 
 
4. Becker, M. M., T. R. Peters, and T. S. Dermody. 2003. Reovirus sigma NS and mu 
NS proteins form cytoplasmic inclusion structures in the absence of viral infection. 
Journal of virology 77:5948-5963. 
5. Boehme, K. W., M. Ikizler, T. Kobayashi, and T. S. Dermody. 2011. Reverse 
genetics for mammalian reovirus. Methods 55:109-113. 
6. Broering, T. J., J. Kim, C. L. Miller, C. D. Piggott, J. B. Dinoso, M. L. Nibert, 
and J. S. Parker. 2004. Reovirus nonstructural protein mu NS recruits viral core 
surface proteins and entering core particles to factory-like inclusions. Journal of 
virology 78:1882-1892. 
7. Broering, T. J., A. M. McCutcheon, V. E. Centonze, and M. L. Nibert. 2000. 
Reovirus nonstructural protein mu NS binds to core particles but does not inhibit their 
transcription and capping activities. Journal of virology 74:5516-5524. 
8. Broering, T. J., J. S. L. Parker, P. L. Joyce, J. H. Kim, and M. L. Nibert. 2002. 
Mammalian reovirus nonstructural protein mu NS forms large inclusions and 
colocalizes with reovirus microtubule-associated protein mu 2 in transfected cells. 
Journal of virology 76:8285-8297. 
9. Chandran, K., D. L. Farsetta, and M. L. Nibert. 2002. Strategy for nonenveloped 
virus entry: a hydrophobic conformer of the reovirus membrane penetration protein 
mu 1 mediates membrane disruption. Journal of virology 76:9920-9933. 
10. Chappell, J. D., V. L. Gunn, J. D. Wetzel, G. S. Baer, and T. S. Dermody. 1997. 
Mutations in type 3 reovirus that determine binding to sialic acid are contained in the 
fibrous tail domain of viral attachment protein sigma 1. Journal of virology 71:1834-
1841. 
11. Dales, S. 1965. REPLICATION OF ANIMAL VIRUSES AS STUDIED BY 
ELECTRON MICROSCOPY. American Journal of Medicine 38:699-&. 
12. Ebert, D. H., J. Deussing, C. Peters, and T. S. Dermody. 2002. Cathepsin L and 
cathepsin B mediate reovirus disassembly in murine fibroblast cells. Journal of 
Biological Chemistry 277:24609-24617. 
13. Furlong, D. B., M. L. Nibert, and B. N. Fields. 1988. SIGMA-1 PROTEIN OF 
MAMMALIAN REOVIRUSES EXTENDS FROM THE SURFACES OF VIRAL 
PARTICLES. Journal of virology 62:246-256. 
14. Garaigorta, U., M. H. Heim, B. Boyd, S. Wieland, and F. V. Chisari. 2012. 
Hepatitis C Virus (HCV) Induces Formation of Stress Granules Whose Proteins 
Regulate HCV RNA Replication and Virus Assembly and Egress. Journal of virology 
86:11043-11056. 
49 
 
 
 
15. Gilks, N., N. Kedersha, M. Ayodele, L. Shen, G. Stoecklin, L. M. Dember, and P. 
Anderson. 2004. Stress granule assembly is mediated by prion-like aggregation of 
TIA-1. Molecular Biology of the Cell 15:5383-5398. 
16. Gillian, A. L., and M. L. Nibert. 1998. Amino terminus of reovirus nonstructural 
protein sigma NS is important for ssRNA binding and nucleoprotein complex 
formation. Virology 240:1-11. 
17. Khaperskyy, D. A., T. F. Hatchette, and C. McCormick. 2012. Influenza A virus 
inhibits cytoplasmic stress granule formation. Faseb Journal 26:1629-1639. 
18. Kimball, S. R. 1999. Eukaryotic initiation factor eIF2. International Journal of 
Biochemistry & Cell Biology 31:25-29. 
19. Kobayashi, T., L. S. Ooms, M. Ikizler, J. D. Chappell, and T. S. Dermody. 2010. 
An improved reverse genetics system for mammalian orthoreoviruses. Virology 
398:194-200. 
20. Lloyd, R. E. 2012. How do viruses interact with stress-associated RNA granules? 
PLoS pathogens 8:e1002741. 
21. Luongo, C. L., K. M. Reinisch, S. C. Harrison, and M. L. Nibert. 2000. 
Identification of the guanylyltransferase region and active site in reovirus mRNA 
capping protein lambda 2. Journal of Biological Chemistry 275:2804-2810. 
22. McCutcheon, A. M., T. J. Broering, and M. L. Nibert. 1999. Mammalian reovirus 
M3 gene sequences and conservation of coiled-coil motifs near the carboxyl terminus 
of the mu NS protein. Virology 264:16-24. 
23. McEwen, E., N. Kedersha, B. B. Song, D. Scheuner, N. Gilks, A. P. Han, J. J. 
Chen, P. Anderson, and R. J. Kaufman. 2005. Heme-regulated inhibitor kinase-
mediated phosphorylation of eukaryotic translation initiation factor 2 inhibits 
translation, induces stress granule formation, and mediates survival upon arsenite 
exposure. Journal of Biological Chemistry 280:16925-16933. 
24. Mendez, II, L. L. Hermann, P. R. Hazelton, and K. M. Coombs. 2000. A 
comparative analysis of Freon substitutes in the purification of reovirus and 
calicivirus. Journal of Virological Methods 90:59-67. 
25. Miller, C. L., M. M. Arnold, T. J. Broering, C. E. Hastings, and M. L. Nibert. 
2010. Localization of mammalian orthoreovirus proteins to cytoplasmic factory-like 
structures via nonoverlapping regions of microNS. Journal of virology 84:867-882. 
26. Miller, C. L., T. J. Broering, J. S. Parker, M. M. Arnold, and M. L. Nibert. 2003. 
Reovirus sigma NS protein localizes to inclusions through an association requiring 
the mu NS amino terminus. Journal of virology 77:4566-4576. 
50 
 
 
 
27. Miller, C. L., J. S. Parker, J. B. Dinoso, C. D. Piggott, M. J. Perron, and M. L. 
Nibert. 2004. Increased ubiquitination and other covariant phenotypes attributed to a 
strain- and temperature-dependent defect of reovirus core protein mu2. Journal of 
virology 78:10291-10302. 
28. Montero, H., M. Rojas, C. F. Arias, and S. Lopez. 2008. Rotavirus infection 
induces the phosphorylation of eIF2 alpha but prevents the formation of stress 
granules. Journal of virology 82:1496-1504. 
29. Mora, M., K. Partin, M. Bhatia, J. Partin, and C. Carter. 1987. ASSOCIATION 
OF REOVIRUS PROTEINS WITH THE STRUCTURAL MATRIX OF 
INFECTED-CELLS. Virology 159:265-277. 
30. Nibert, M. L., and B. N. Fields. 1992. A CARBOXY-TERMINAL FRAGMENT 
OF PROTEIN MU-1/MU-1C IS PRESENT IN INFECTIOUS SUBVIRION 
PARTICLES OF MAMMALIAN REOVIRUSES AND IS PROPOSED TO HAVE 
A ROLE IN PENETRATION. Journal of virology 66:6408-6418. 
31. Onomoto, K., M. Jogi, J. S. Yoo, R. Narita, S. Morimoto, A. Takemura, S. 
Sambhara, A. Kawaguchi, S. Osari, K. Nagata, T. Matsumiya, H. Namiki, M. 
Yoneyama, and T. Fujita. 2012. Critical Role of an Antiviral Stress Granule 
Containing RIG-I and PKR in Viral Detection and Innate Immunity. Plos One 7. 
32. Parashar, U. D., A. Burton, C. Lanata, C. Boschi-Pinto, K. Shibuya, D. Steele, 
M. Birmingham, and R. I. Glass. 2009. Global Mortality Associated with Rotavirus 
Disease among Children in 2004. Journal of Infectious Diseases 200:S9-S15. 
33. Qin, Q., K. Carroll, C. Hastings, and C. L. Miller. 2011. Mammalian orthoreovirus 
escape from host translational shutoff correlates with stress granule disruption and is 
independent of eIF2alpha phosphorylation and PKR. Journal of virology 85:8798-
8810. 
34. Qin, Q., C. Hastings, and C. L. Miller. 2009. Mammalian orthoreovirus particles 
induce and are recruited into stress granules at early times postinfection. Journal of 
virology 83:11090-11101. 
35. Rhim, J. S., H. D. Mayor, and L. E. Jordan. 1962. CYTOCHEMICAL, 
FLUORESCENT-ANTIBODY AND ELECTRON MICROSCOPIC STUDIES ON 
GROWTH OF REOVIRUS (ECHO 10) IN TISSUE CULTURE. Virology 17:342-&. 
36. Samuel, C. E., R. Duncan, G. S. Knutson, and J. W. B. Hershey. 1984. 
MECHANISM OF INTERFERON ACTION - INCREASED 
PHOSPHORYLATION OF PROTEIN-SYNTHESIS INITIATION-FACTOR EIF-2-
ALPHA IN INTERFERON-TREATED, REOVIRUS-INFECTED MOUSE-L929 
FIBROBLASTS INVITRO AND INVIVO. Journal of Biological Chemistry 
259:3451-3457. 
51 
 
 
 
37. Schwartz-Cornil, I., P. Mertens, P.C., V. Contreras, B. Hemati, F. Pascale, E. 
Bréard, P. Mellor, S., N. MacLachlan, James, and S. Zientara. 2008. Bluetongue 
virus: virology, pathogenesis and immunity. Vet. Res. 39:46. 
38. Shatkin, A. J., and G. W. Both. 1976. REOVIRUS MESSENGER-RNA - 
TRANSCRIPTION AND TRANSLATION. Cell 7:305-313. 
39. Tao, Y. Z., D. L. Farsetta, M. L. Nibert, and S. C. Harrison. 2002. RNA synthesis 
in a cage - Structural studies of reovirus polymerase lambda 3. Cell 111:733-745. 
40. Tourriere, H., K. Chebli, L. Zekri, B. Courselaud, J. M. Blanchard, E. Bertrand, 
and J. Tazi. 2003. The RasGAP-associated endoribonuclease G3BP assembles stress 
granules. Journal of Cell Biology 160:823-831. 
41. Virgin, H. W., M. A. Mann, B. N. Fields, and K. L. Tyler. 1991. 
MONOCLONAL-ANTIBODIES TO REOVIRUS REVEAL STRUCTURE-
FUNCTION-RELATIONSHIPS BETWEEN CAPSID PROTEINS AND GENETICS 
OF SUSCEPTIBILITY TO ANTIBODY ACTION. Journal of virology 65:6772-
6781. 
42. White, J. P., A. M. Cardenas, W. E. Marissen, and R. E. Lloyd. 2007. Inhibition 
of cytoplasmic mRNA stress granule formation by a viral proteinase. Cell Host & 
Microbe 2:295-305. 
43. White, J. P., and R. E. Lloyd. 2011. Poliovirus Unlinks TIA1 Aggregation and 
mRNA Stress Granule Formation. Journal of virology 85:12442-12454. 
44. Yi, Z. G., T. T. Pan, X. F. Wu, W. H. Song, S. S. Wang, Y. Xu, C. M. Rice, M. R. 
MacDonald, and Z. H. Yuan. 2011. Hepatitis C Virus Co-Opts Ras-GTPase-
Activating Protein-Binding Protein 1 for Its Genome Replication. Journal of virology 
85:6996-7004. 
45. Yue, Z. Y., and A. J. Shatkin. 1997. Double-stranded RNA-dependent protein 
kinase (PKR) is regulated by reovirus structural proteins. Virology 234:364-371. 
46. Zhang, L., K. Chandran, M. L. Nibert, and S. C. Harrison. 2006. Reovirus mu 1 
structural rearrangements that mediate membrane penetration. Journal of virology 
80:12367-12376. 
 
 
 
52 
 
 
 
 
FIG. 1. µNS localizes with but does not induce or disrupt SGs in transfected cells. (A) 
Cos-7 cells were infected with T3D with a CIU of 1 and at 6h p.i. were fixed and 
immunostained with rabbit α-µNS polyclonal antiserum (left column) and goat α-TIAR 
polyclonal antibody (middle column) followed by Alexa-594 conjugated donkey α-rabbit 
IgG and Alexa-488 conjugated donkey α-goat IgG. Merged images containing DAPI-stained 
nuclei (blue) are shown (right columns). (B) Cos-7 cells were transfected with a plasmid 
containing wild type µNS and at 24h p.t. were fixed and immunostained (top row) or treated 
with 0.5mM SA for 1 h (bottom row) at 23h, fixed, and immunostained as in part A. Bar = 
10µM. 
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Fig. 2. µNS amino acids 75-85 are important for localization to SGs. (A) Illustration of 
plasmids used in mapping the µNS residues necessary for SG localization. Not to scale. (B) 
Cos-7 cells were transfected with pCI-µNS (first row), pCI-µNS-55-721 (second row), pCI-
µNS-65-721 (third row), pCI-µNS-75-721 (fourth row), pCI-µNS-85-721 (fifth row), and 
pCI-µNS-95-721 (sixth row) and at 23h p.t. were treated with 0.5mM SA for 1h, fixed, and 
immunostained with rabbit α-µNS polyclonal antiserum (left column) and goat α-TIAR 
polyclonal antibody (middle column) followed by Alexa-594 conjugated donkey α-rabbit 
IgG and Alexa-488 conjugated donkey α-goat IgG. Merged images containing DAPI-stained 
nuclei (blue) are shown (right columns). Bar = 10µM.  
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Fig. 3. µNS amino acids 78 and 79  are necessary for localization to SGs. Cos-7 cells 
were transfected with (A) pT7-µNS(75-79)RZ (top) or pT7-µNS(80-84)RZ (bottom), (B) 
pT7-µNS(76-77)RZ (top) or pT7-µNS(78-79)RZ (bottom), (C) pT7-µNS(78)RZ (top) or 
pT7-µNS(79)RZ (bottom) and at 23h p.t. were treated with 0.5mM SA for 1h, fixed, and 
immunostained with rabbit α-µNS polyclonal antiserum (left column) and goat α-TIAR 
polyclonal antibody (middle column) followed by Alexa-594 conjugated donkey α-rabbit 
IgG and Alexa-488 conjugated donkey α-goat IgG. Merged images containing DAPI-stained 
nuclei (blue) are shown (right columns). Bar = 10µM.  
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Fig. 4. µNS(78-79) is not ubiquitinated. Cos-7 cells were transfected with pCI-µNS (top) or 
pT7-µNS(78-79)RZ (bottom) and at 24h p.t. were fixed and immunostained with rabbit α-
µNS polyclonal antiserum (left column) and mouse monoclonal α-multi-ubiquitin antibody 
(middle column) followed by Alexa-594 conjugated donkey α-rabbit IgG and Alexa-488 
conjugated donkey α-mouse IgG. Merged images containing DAPI-stained nuclei (blue) are 
shown (right columns). Bar = 10µM.  
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Fig. 5. µNS(78-79) maintains interaction with σNS, µ2, σ2, and λ1. Cos-7 cells were co-
transfected with pCI-µNS (top) or pT7-µNS(78-79)RZ (bottom) and (A) pCI-σNS, (B) pCI-
µ2, (C) pCI-σ2, or (D) pCI-λ1 and at 24h p.t. were fixed and immunostained with mouse 
polyclonal antiserum (174) against µNS (left column) and (A) rabbit polyclonal antiserum 
against σNS, (B) rabbit polyclonal antiserum against µ2,  or (C-D) rabbit polyclonal 
antiserum against MRV-cores (middle column) followed by Alexa-594 conjugated donkey α-
mouse IgG and Alexa-488 conjugated donkey α-rabbit IgG. Merged images containing 
DAPI-stained nuclei (blue) are shown (right columns). Bar = 10µM.  
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Fig. 6. µNS(78-79) does not associate with λ2. Cos-7 cells were co-transfected with pCI-
µNS (top) or pT7-µNS(78-79)RZ (bottom) and pCI-λ2 and at 24h p.t. were fixed and 
immunostained with) rabbit α-µNS polyclonal antiserum (left column) and mouse 
monoclonal antibody (7F4) against λ2 (middle column) followed by Alexa-594 conjugated 
donkey α-rabbit IgG and Alexa-488 conjugated donkey α-mouse IgG. Merged images 
containing DAPI-stained nuclei (blue) are shown (right columns). Bar = 10µM.  
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Table 1. Recombinant virus containing µNS(78-79) mutation cannot be rescued via 
reverse genetics. Number of plaques counted on L929 plaque assays for three experimental 
replicates with three technical replicates at each of three time points for both wild type and 
µNS(78-79) mutant are given. TM = too many plaques to count. 
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CHAPTER 3. MAMMALIAN ORTHOREOVIRUS PROTEIN ESCAPE FROM 
HOST CELL TRANSLATION SHUTOFF REQUIRES VIRAL SEQUENCE AND 
INFECTION 
Kate Carroll
 
and Cathy L. Miller
 
 
ABSTRACT 
 One of several potential responses to viral infection of a host cell is the shutoff of 
translation in an effort to prevent the spread of the virus. In Mammalian Orthoreovirus 
(MRV) infection, it has previously been shown that at early times post infection (4-6h) stress 
granules (SGs) are induced and all translation in the cell is shutoff, virus and host alike. 
However, at late times in infection SGs are no longer present and viral, but not host, 
translation is seen. This release in translational inhibition is likely due to the dissolution of 
SGs in infected cells as SGs serve as sites of triage in the cell that contain the components 
necessary for translation to occur like ribosomal subunits and initiation factors. While it 
seems likely that MRV disrupts SGs to free these translation components, it is interesting that 
only viral proteins are able to translate as the freed SG components should be available to 
cellular mRNA as well as viral mRNA. This difference in translation between viral and 
cellular proteins indicates that there may be something unique about viral mRNA, viral 
proteins, some combination of both, or another component of viral infection that allows the 
virus mRNA to be preferentially translated. To determine what is allowing MRV to escape 
translation shutoff, we created a series of plasmids with different mRNA modifications (e.g 
the absence or presence of a cap or poly a tail) and viral or non-viral sequence. We then 
transfected cells with these plasmids and induced shutoff of translation via chemical or viral 
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means and labeled the protein produced after this time with a non-radioactive labeling system 
to assay the ability of our plasmids to escape translation shutoff. 
INTRODUCTION 
Mammalian Orthoreovirus (MRV) is a non-pathogenic and non-fusogenic member of 
the dsRNA family Reoviridae. Composed of ten dsRNA segments, MRV has a double capsid 
structure with an icosahedral arrangement (17). During MRV infection of a host cell, 
induction of the innate immune response occurs via the activation of the dsRNA binding 
protein, protein kinase R (PKR) (8). Activation of PKR leads to the phosphorylation of eIF2α 
and the formation of cytoplasmic inclusions termed stress granules (SGs) (7, 13, 16). These 
SGs are composed of cellular proteins like the RNA binding proteins GTP-ase binding 
protein (G3BP), T-cell intracellular antigen 1 (TIA-1), and TIA-1 related protein (TIAR), 
silenced mRNAs, translational initiation factors, and ribosomal subunits (3, 25). As they 
contain the components necessary for translation, the presence of SGs in a cell effectively 
halts translation (6). 
We have previously shown that at early times in MRV infection (4-6h) SGs are 
present in the cell and that both cellular and viral translation is shut off. However, at late 
times in infection SGs are no longer present and viral, but not cellular, protein is produced 
(14, 15). As the cellular mRNA should have the same access to the freed translation 
machinery as the viral mRNA, it is intriguing that cellular mRNA continues to be non-
translated. The difference in the proteins produced could indicate that there is something 
special about the virus that allows for its escape, although at this time it is unknown if this 
ability is due to sequence, protein, or something else about infection altogether.  
64 
 
 
 
MRV mRNAs have previously been shown to be non-polyadenalayted with some 
disagreement over the status of a cap at the 5’ end (23). While it seems as though there is 
reasonable proof that at least some MRV mRNAs are capped, there has been some discussion 
on the possibility that at late times in infection the virus somehow switches to making 
uncapped mRNAs (21, 22, 26). MRV encodes its own capping enzyme, λ2, which has known 
guanylyltransferase capabilities and is part of the inner capsid structure that makes up the 
core (9, 10). In order for the MRV positive stranded mRNA that is synthesized inside the 
core to exit, it must be extruded though the turret composed of λ2. Thus, if noncapped MRV 
mRNA is made at late times in infection, there must be some (yet unidentified) way to 
control the capping activity of λ2. MRV mRNAs also have relatively short 5’ and 3’ UTRs 
with some sequence identity among the ten segments (19). The ten gene segments themselves 
vary in size with four of the segments being classified as small, three as medium, and three as 
large (20). Although many viruses like cricket paralysis virus and hepatitis C virus (HCV) 
contain structures like internal ribosome entry sites (IRESs) that allow them to translate 
without some of the cellular translational machinery, MRV does not appear to have any of 
these structures so it is unlikely that these contribute to MRV escape from translational 
shutoff (5, 18). 
MRV encodes between 12-13 proteins from its ten gene segments. While some 
functions have been determined for certain proteins (eg. σ1 is the cell attachment protein, λ3 
is the RNA dependent RNA polymerase), there are still several proteins that could have a 
variety of yet unassigned functions (1, 2, 17, 24). It is possible that one of the MRV proteins 
functions to assist in preferential translation and combined with some sort of signal in the 
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mRNA, is able to pick MRV mRNA out of the pool of mRNAs to be translated which then 
results in the preferential production of MRV proteins. 
To determine if mRNA modifications, mRNA sequence, or MRV infection are 
important for MRV preferential translation, we created a series of plasmids with different 
combinations of modifications and either viral (S3 gene) sequence or non-viral sequence 
(GFP) and then subjected them to translational shutoff via chemical means with sodium 
arsenite (SA) or with virus infection. Using a non-radioactive protein labeling system we 
were able to isolate protein synthesized within a specific period of time by 
immunoprecipitation via the bond between streptavidin beads and biotin labeled protein. It 
appears from these experiments that viral sequence as well as something present during viral 
infection (possibly protein(s)) is necessary for escape from translational shutoff while 
preliminary results indicate that mRNA modifications do not impact escape. 
RESULTS 
Construction of tagged translational plasmids. To ascertain the impact of both 
sequence and mRNA modifications on escape of translation shutoff, we created two groups 
of plasmids (Fig 1). The first group contains plasmids that have the viral gene S3 UTRs and 
coding sequence with a 3X FLAG tag fused in frame in the middle of the protein. The second 
group contains GFP UTRs and coding sequence. Each group contains four plasmids with one 
of four different combinations of modifications. The first plasmid from each group is driven 
by the CMV promoter and thus the mRNA is predicted to be capped and contain a polyA tail. 
The CMV promoter also contains a long UTR in addition to the short 5’ UTR provided by 
either the virus or GFP. The second plasmid from each group contains a CMV promoter and 
a ribozyme and is predicted to produce capped mRNAs with a long 5’ UTRs that lack a poly 
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A tail. The third plasmid from each group has a ribozyme and a minimal CMV promoter that 
lacks the CMV UTR and is predicted to produce capped, non-polyadenalyated mRNAs that 
only have the MRV or GFP short 5’ UTR. The final plasmid in each group is driven by a T7 
promoter and contains a ribozyme and thus is predicted to not be capped or polyadenalyted. 
Although attempts have been made to confirm the presence or absence of the various 
modifications, they have been unsuccessful at this time. Subsequently, any conclusions made 
about their impact on the translation of our plasmids are at this time preliminary and will 
need to be confirmed. Comparing the results of the escape experiments between the S3 and 
GFP groups should indicate if sequence is important and comparing between sets within the 
groups should indicate the role that modifications play. 
Experimental design to determine escape from translational shutoff. In order to 
determine the mechanism by which MRV mRNA escapes translation shut-off, we designed 
an experiment that would allow us to identify only the protein produced from our plasmids at 
a specific time. To do this, we utilized a non-radioactive protein labeling system coupled 
with an immunoprecipitation that takes advantage of the strong bond between biotin and 
streptavidin. To determine the role of just the viral sequence and the modifications, we used 
an oxidative stressor (Sodium Arsenite, SA) that has previously been used to induce high 
levels of eIF2α phosphorylation and shut off translation to mimic the events that occur during 
viral infection (11). To do this type of experiment, we transfected BHK-T7 cells with our 
plasmids and at 24 hours post transfection added SA along with Methionine (Met) minus 
media to our samples.  
The non-radioactive labeling system works through the use of a methionine analog, 
L-azidohomoalaine (AHA), which is labeled with biotin in a subsequent reaction. Thirty 
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minutes after adding the SA and Met minus media we added the AHA and allowed the cells 
to incubate for 1h. The thirty minute incubation between adding the SA and the AHA is to 
allow the SA to cause translational shutoff. After the incubation for 1h, we collected the cells 
and performed the Click-iT® reaction protocol that uses a copper based reaction to bond 
biotin to AHA in newly translated proteins. After the Click-iT® reaction, an 
immunoprecipitation was performed using streptavidin beads to pull out any protein that was 
produced and labeled during the incubation period. These samples were then run out on a 
SDS-PAGE gel and blotted with antibodies against FLAG or GFP to allow us to see just our 
tagged proteins of interest.  
 In experiments where we were interested in observing the impact of infection on the 
ability of mRNA to escape translational shutoff, we transfected cells and 6h later infected 
them. 24h after the infection we added the Met minus media and AHA for three hours and 
then followed the same protocol as described previously. We are able to incubate the samples 
with the AHA for much longer with the virus than with SA as SA is quite toxic if exposed to 
cells for long periods of time. If SA is left on the cells for much longer than an hour and a 
half, it will cause cell death and loss of the sample.  
Viral sequence and mRNA modifications have no impact on escape in the 
presence of SA. Our first attempt at determining the important components in MRV 
translational escape was done using SA as the inducer of translational shutoff. In this 
experiment none of the plasmids appeared to escape shutoff induced by SA to any degree 
above background levels. When the labeled lysate (LL), which shows all of the protein in the 
sample that was labeled, was observed, it is clear that adding SA effectively shuts down 
translation and no protein synthesis is seen. The different plasmids appeared to express to 
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varying levels with the plasmids containing the full CMV promoter expressing the best. 
Overall it appears from this data that neither viral sequence nor mRNA modifications can 
rescue translation from shutoff when SA is present.  
Viral sequence is important for translational shutoff escape in infected samples. 
To determine the role of viral infection in translational escape, the labeling experiment was 
repeated, this time with samples infected with MRV T3D instead of subjected to SA 
treatment. In this experiment, plasmids containing MRV sequence were able to escape to 
levels near those seen in uninfected samples. However, plasmids containing GFP were not 
able to be rescued above background levels. When the LL blot was observed, translational 
shutoff was observed with mostly viral proteins seen in the infected samples, although the 
shutoff was not as complete as that seen in SA samples. Like in the previous experiment, the 
different modifications did not appear to make a difference in escape. From this experiment it 
seems that both viral sequence and viral infection are necessary for the successful escape 
from translational shutoff.  
DISCUSSION 
In an effort to determine how MRV mRNA is able to be preferentially translated in 
infected cells at late times in infection, we have shown that viral sequence and the presence 
of viral infection are critical for successful escape from translation shutoff. Although the 
requirement for viral sequence is not particularly surprising, it is an interesting possibility as 
thus far a single conserved sequence has not been found across the ten different gene 
segments. There has been some minimal conservation seen in the UTRs of the MRV genes 
but preliminary experiments examining their role in translational escape have indicated that 
they are not necessary (data not shown). It is possible that the necessary sequence is actually 
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composed of several non-contiguous segments which would complicate the identification of 
the necessary sequence. Another possibility is the formation of some internal mRNA 
structure in the coding sequence of the MRV mRNA although at this time no such structures 
have been identified.  
Also indicated by our results is that viral infection is necessary for escape but without 
the presence of viral sequence in the mRNA is insufficient to rescue our plasmids from 
translational shutoff. This may point to an interaction between viral protein(s) and viral 
sequence (or a virus specific structure) at some level. In this situation there is potential for 
one or more viral proteins to be involved in the translational escape. At least one MRV 
protein (σNS) is known to bind to ssRNA and could possibly be involved in the binding of 
the viral mRNA although previous research has shown that this binding is non-specific so it 
is unlikely that it is responsible for the specific binding necessary for translation escape (4).  
MRV protein binding could have several potential impacts on preferential MRV 
translation. A MRV protein could possibly be a substitute for a cellular protein involved in 
translation and function with a higher efficiency than the cellular protein to outcompete 
cellular mRNA for the rest of the required translation machinery. A protein could also simply 
function to recruit the viral mRNA to a particular location to allow for preferential 
translation. Viral cores and MRV protein µNS form viral factories where much of viral 
replication is thought to occur. In the previous chapter we discuss how MRV may disrupt 
SGs to “pull” translational machinery into the viral factories. Recruitment to the viral 
factories of the viral mRNA could potentially increase viral translation and exclude cellular 
mRNA which should show a pattern of protein production like we have observed. No matter 
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what scenario, mentioned or unmentioned, future experiments examining the importance of 
the various MRV proteins to determine their contribution to escape is warranted. 
While both virus sequence and infection appear to be necessary for virus escape from 
translation shutoff, the mRNA modifications that we assayed did not appear to make any 
significant impact on escape. The various plasmids did show different levels of expression 
with the plasmids containing the full CMV promoter consistently expressing at higher levels 
than the plasmids with the T7 or minimal CMV promoter. However, when the plasmids were 
compared only among themselves (with and without SA and with and without T3D), the 
differences seen were in a similar pattern across all the different plasmid sets. These results 
indicate that modifications are not making an impact on the ability of the mRNA to escape 
translation shutoff although experiments to confirm the presence or absence of the 
modifications will be necessary. 
Although identifying that both viral sequence and infection are important for escape 
from translational shutoff is an important first step, much more work will be needed to fully 
understand how MRV is successful in hijacking the cellular translation machinery. 
Identification of the MRV protein(s) that are important for translation escape as well as the 
sequence necessary would be key discoveries. Investigation into the sequence of importance 
is currently underway with preliminary results indicating that the sequence is not found in the 
UTRs. Further plasmid construction and testing should provide more insight into the 
necessary coding sequence for translation escape. 
MATERIALS AND METHODS 
Cells, Virus, and Reagents. BHK-T7 cells were maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Sigma) containing 10% fetal bovine serum (Atlanta Biologicals), 
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penicillin-streptomycin (100 IU/ml; Mediatech), Non-Essential Amino Acids (Invitrogen 
Life Technologies), L-Glutamine (2 nM; Mediatech), and 25ng/ml Fungazone (Invitrogen 
Life Technologies) with 1mg/ml G418 added every other passage to maintain the T7 
polymerase. During labeling, DMEM without L-methionine (Mediatech) was used. The 
primary antibodies used in the western blots were monoclonal ANTI-FLAG M2 (α-FLAG) 
antibody (Sigma), GFP (D5.1) XP(R) rabbit monoclonal (α-GFP) antibody (Cell Signaling),  
and Streptavidin AP conjugate (α-Strep-AP) antibody (Invitrogen Life Technologies). 
Secondary antibodies were goat α-mouse AP conjugate (Bio-Rad) and goat α-rabbit AP 
conjugate (Bio-Rad). Blots were exposed using a chemiluminescent substrate Lumi-Phos™ 
(Thermo Scientific), and images were taken using a Chemi-doc XRS camera from Bio-Rad. 
Protein samples were labeled using 50mM AHA (Invitrogen Life Technologies) and the 
Click-iT® Protein Reaction Buffer Kit (Invitrogen Life Technologies) followed by an 
immunoprecipitation with 20µl/sample Dynabeads® M-280 Streptavidin beads (Invitrogen 
Life Technologies). RAF buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 10% glycerol, 1% 
NP-40) with Halt® Protease Inhibitor (Thermo Scientific) was used for immunoprecipitation. 
Trans-IT LTI (Mirus) was used for transfections and Sodium Arsenite (SA) (Sigma-Aldrich) 
was used where indicated at a final concentration of 0.5 mM. Purified virions of T3D
C
  
(superscript serves to distinguish between the strain from the Cashdollar lab we use and the 
Nibert strain, we refer to the virus used as T3D in the rest of the paper) were prepared as 
described previously (12), using Vertrel reagent (DuPont) in place of Freon, and stored in 
dialysis buffer (150 mM NaCl,10 mM Tris, pH 7.4, 10 mM MgCl2) at 4°C. Viral titers (CIU) 
were determined on BHK-T7 cells as previously described (14). All figures were prepared 
using Photoshop and Illustrator (Adobe). All enzymes used were from New England Biolabs. 
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Plasmid construction. Initially plasmids pCIS3RZ and pT7S3RZ were made as 
parent plasmids. pCIS3RZ was created by amplifying the viral S3 gene from purified 
dsRNA(T1L), using primers containing a SacI site and minimal CMV promoter upstream 
from the S3 5’ end and a SmaI site after the 3’ end. The PCR product was digested and 
ligated into SacI/SmaI sites upstream from a self-cleaving hepatitis Δ ribozyme. pT7S3RZ 
was created by performing PCR on pCIS3RZ using a primer with a SacI site and T7 
promoter upstream from the 5’end of S3 and a primer with a NheI site at the 3’ end of S3. 
The PCR product was purified and ligated into pCIS3RZ cut with SacI and NheI. To create 
CMVS3GFPOutRZ, GFP was amplified from pEGFP-CI with primers containing a PstI site 
and a NheI site that included a stop codon in the NheI site. This PCR product was purified 
and digested and ligated into pCIS3RZ digested with the same enzymes. To create the 
plasmid neoGFP, GFP was PCRed out of CMVS3GFPOutRZ, purified, and ligated into 
pcineo using XbaI and SalI. pCIGFPRZ was created by PCRing GFP out of 
CMVS3GFPOutRZ , digesting it with SacI and EcoRV, purifying it, and ligating it into 
pCIRZ cut with SacI and SmaI. neoGFPRZ was created by PCRing GFPRZ out of 
pCIGFPRZ with sites XbaI and SalI , purifying it, and ligating it into pcineo also cut with 
XbaI and SalI. pT7GFPRZ was created by PCRing GFP out of CMVS3GFPOutRZ using 
sites SacI and EcoRV with the T7 promoter included on the forward primer, purifying it and 
ligating it into pCIRZ cut with SacI and SmaI.  
To create the S3FLAG plasmids we first created plasmids that fused GFP to the first half of 
S3 with the second half of S3 fused out of frame to the C terminal end of GFP. Using the 
parent CMVS3GFPOutRZ, we used primers containing sites XbaI and SalI to amplify 
S3GFPOut, purified it, and ligated it into pcineo to create neoS3GFPOut. To make the 
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plasmid neoS3GFPOutRZ we used primers with sites XbaI and SalI to amplify S3GFPOutRZ 
out of CMVS3GFPOutRZ, purified it, and ligated it into pcineo. The pT7S3GFPOutRZ 
plasmid was created the same way as CMVS3GFPOutRZ with pT7S3RZ serving as the 
receiver for the PCR product. To create pT7S3FLAGRZ, pT7S3RZ-T1L was cut with NheI 
and BclI and an oligo with those restrictions sites and a 3X FLAG tag was ligated in. To 
create neoS3FLAG, neoS3FLAGRZ, and pCIS3FLAGRZ, pT7S3FLAGRZ was digested 
with EcoNI and BclI to excise the FLAG tag and portions of the S3 sequence and gel 
purified. The plasmids neoS3GFPOut, neoS3GFPOutRZ, and pCIS3GFPOutRZ were also 
digested with EcoNI and BclI to remove the GFP and were gel purified. The purified vectors 
and inserts were then ligated to create the S3FLAG containing plasmids. 
Transfections and Infections. BHK-T7 cells were seeded into 60mm dishes at a 
concentration of 9.5x10
5
 cells per dish. To transfect cells, 5µg plasmid DNA and 3µl Tran-IT 
LTI per µg of DNA were combined in 500µl of Optimem media (Invitrogen Life 
Technologies), incubated for 20 min at room temperature and added to cell media. Cells were 
then incubated at 37⁰C for 24 h or 6 h post transfection were infected. To infect cells, 
transfected media was removed and reserved and T3D at a CIU of 1 was diluted into 
phosphate buffered saline (PBS) [137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4 (pH 7.5)] 
containing 2 mM MgCl2, and adsorbed to cells for 1 h, after which the reserved transfected 
media was returned to cells. Cells were then incubated at 37⁰C for 24 h.  
Protein Labeling and Immunoprecipitation. Media was removed from samples 
either 24h post transfection (for SA experiments) or 24h post infection (for infection 
experiments), samples were washed with PBS, and methionine minus media was added. In 
SA experiments, SA was added at a final concentration of 0.5mM and samples were 
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incubated at 37⁰C for 30m. L-AHA at a final concentration of 50µM was added and samples 
were incubated for 1h at 37⁰C. In infection experiments after met minus media was added, L-
AHA was added at a final concentration of 50µM and incubated at 37⁰C for 3h. After 
incubation media was removed, cells were washed with PBS, and lysed in 50µl of 1% SDS 
in 50mM Tris. Proteins were labeled and precipitated according to the published Click-iT® 
protocol. Precipitated proteins were dried overnight and resuspended in 100µl of 1% SDS in 
50mM Tris with 1µl of 1M DTT added per sample. Samples were boiled for 5 minutes to 
ensure complete resuspension. 20µl of resuspended sample was set aside to run as labeled 
lysate (LL). 720µl of RAF buffer with protease inhibitors was added to the remaining 80µl of 
labeled protein. 20µl per sample of M-280 Streptavidin beads were washed three times with 
PBS with 0.01% Tween-20 and resuspended in 50µl of RAF buffer with protease inhibitors 
per sample. 50µl of bead/buffer mixture was added to each protein sample and incubated at 
room temperature on a rotator for 3h. Samples were washed five times with PBS containing 
0.1% BSA and resuspended in 50µl of protein loading buffer. 
Immunoblotting. Samples were run on a 12% SDS-PAGE gel and transferred to 
nitrocellulose membranes by electroblotting in transfer buffer (25mMTris, 192mM glycine, 
15% methanol [pH 8.3]). Membranes containing the transferred proteins were blocked with 
5% BSA in PBS for 20 minutes and then incubated overnight at 4⁰C on a rocker with 
primary antibodies. Membranes blotted with FLAG or GFP were washed three times with 
Tris-buffered saline (20mMTris, 137mMNaCl [pH 7.6]) containing 0.5% Tween (TBS-T) 
and were then incubated with secondary antibodies in 5% BSA in PBS for 4h at room 
temperature. Membranes were washed with TBS-T three times and then exposed to 
chemiluminecent reagent. Images were taken on Chemi-Doc XRS camera. 
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Fig. 1. Plasmids. Diagram of plasmids used in labeling experiment, not to scale. 
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Fig. 2. Experimental Design. Diagram of how experiments using SA and experiments using 
virus infection are performed to assay translational escape at specific times post transfection. 
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Fig. 3. Sequence and mRNA modifications alone are not sufficient for escape from 
translational shutoff. Cells were transfected with plasmid DNA, met minus media and SA 
(where indicated) were added 24 h post transfection, and cells were incubated for 30m. AHA 
was added at a concentration of 50µM to all samples and incubated for 1h. Samples were 
lysed and labeled with the Invitrogen Click-iT® protein labeling system, 
immunoprecipitated, run on an SDS-PAGE gel, and transferred to a nitrocellulose membrane. 
Membranes were blotted with α-StrepAP, α-GFP, or α-FLAG antibodies followed with goat 
α-rabbit or α-mouse IgG conjugated with AP for the GFP and FLAG blots. Bound AP 
conjugates were detected by chemiluminescence staining and quantified with Quantity-One 
software. SIP = Streptavidin Immunoprecipitation, TL = Total Lysate, and LL = Labeled 
Lysate. 
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Fig. 4. Viral sequence and viral infection together are sufficient for translational escape. 
Cells were transfected with plasmid DNA, infected where indicated with T3D at a CIU of 1 6 
h post infection, met minus media and AHA at a concentration of 50µM were added 24 h 
post infection, and cells were incubated for 3h at 37⁰C. Samples were lysed and labeled with 
the Invitrogen Click-iT® protein labeling system, immunoprecipitated, run on an SDS-PAGE 
gel, and transferred to a nitrocellulose membrane. Membranes were blotted with α-StrepAP, 
α-GFP, or α-FLAG antibodies followed with goat α-rabbit or α-mouse IgG conjugated with 
AP for the GFP and FLAG blots. Bound AP conjugates were detected by chemiluminescence 
staining and quantified with Quantity-One software. SIP = Streptavidin Immunoprecipitation, 
TL = Total Lysate, and LL = Labeled Lysate. 
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CHAPTER 4. GENERAL CONCLUSIONS 
 In an effort to gain more insight into the replication of MRV in infected cells, we 
devised two separate projects that while linked in some respects, investigated two different 
aspects of MRV’s evasion of host cell defenses. In the first project described, we studied 
MRV’s colocalization with SGs under the hypothesis that disruption of SGs is likely a viral 
strategy for circumventing translational shutoff caused by the host cell’s innate immune 
system and induction of SGs. In this project we determined that MRV protein µNS localizes 
to SGs in both infected and transfected cells. To define the basis for this localization, we 
mapped the necessary amino acids in the µNS protein to residues 78 and 79. Further 
investigation of these residues revealed that they are also necessary for µNS interaction with 
the viral protein λ2. Recombinant virus containing mutations at amino acids 78 and 79 in 
µNS was unable to be rescued, indicating that these residues are necessary for successful 
replication although whether this outcome is due to loss of localization with SGs, loss of 
interaction with λ2, or some combination of both is unknown. Potential future work could 
include trying to determine the cause of lack of recoverable virus, if amino acids 78-79 
interact directly with SGs or if there is an intermediate (protein or RNA) interaction, and 
what component of SGs µNS is (directly or indirectly) interacting with to cause the 
localization. 
 In the second project we focused on how MRV protein is able to escape translation 
shutoff at late times in infection when cellular protein is shutoff. We assayed the ability of a 
variety of different plasmids to translate in different conditions. By combining different 
plasmids, chemically induced translation shutoff, and a protein labeling system we were able 
to test the importance of viral sequence and mRNA modifications in translation escape. 
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When we substituted viral infection for the chemical, we were able to see the importance of 
viral infection in translation escape. Our overall conclusions from this project so far is that 
viral sequence and viral infection are both necessary for escape but that mRNA modifications 
do not appear to be important, although the presence or absence of the modifications needs to 
be confirmed. The next potential steps in this project could be the identification of the 
necessary viral sequence for escape from shutoff and determining which MRV proteins may 
be involved.  
 Although these is certainly much more work to be done to determine exactly how 
MRV is able to successfully replicate in a host cell, the work contained in this thesis gives a 
platform for a wide range of future experiments. Many other viruses induce SG formation 
upon their entry into a host cell and while it is known how some viruses are able to deal with 
their presence, identification of how MRV is able to interact with and disrupt them could 
give us valuable insight into both viral infection and the disassembly of SGs, a process about 
which we know little. Identification of the MRV viral sequence and the components of viral 
infection that allow for preferential translation could potentially lead to the discovery of 
novel ways of translation initiation.  
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